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Abstract
Methods were developed and validated for the analysis of trace elements in human 
scalp hair, blood serum, ovarian follicular fluid and seminal plasma by inductively 
coupled plasma mass spectrometry (ICP-MS). An interlaboratory comparison was 
also undertaken to compare the analysis of biological materials by ICP-MS with 
instrumental neutron activation analysis (INAA). Preliminary trace element protein 
speciation experiments were carried out using size exclusion high performance liquid 
chromatography (HPLC) with detection by ICP-MS. Developed methods for total 
trace element analysis were applied to the measurement of trace elements in men and 
women with specific infertility problems in three separate studies.
The first examined twelve trace elements (aluminium, vanadium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, molybdenum, cadmium and lead) in the 
scalp hair of men and women with infertility problems, compared to controls. Iron and 
manganese were found to be significantly higher in infertile women (Student t-test, p
< 0.05) and zinc was found to be significantly lower in men with low sperm counts (p
< 0.05). The second study examined the trace element concentrations (iron, copper, 
zinc, selenium, cadmium and lead) in blood serum and follicular fluid from women 
undergoing In-vitro Fertilization (IVF) treatment. Several significant differences were 
observed for blood serum (p < 0.05). Zinc was higher in women who became 
pregnant after IVF (n = 35), but cadmium was lower, compared to those who did not 
become pregnant (n = 69) and selenium was higher in women who produced a baby (n 
= 17) compared to those who became pregnant but did not produce a baby (n = 8). 
The effects of cigarette smoking, folic acid supplementation and alcohol consumption 
on trace element concentrations were also reported. The implications of these results 
are discussed. Lead concentrations in ovarian follicular fluid were reported for the 
first time (1.46 ± 1.18 pg I'1). In the final study, trace element concentrations were 
measured in the seminal plasma of men from infertile couples. Values compared 
favourably with those in the scientific literature.
© Alex Stovell 1999
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FAAS Flame atomic absorption spectrometry
FLA Flow injection analysis
FI-HAAS Flow injection hydride atomic absorption spectrometry
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FI-HG-ICP-MS Flow injection hydride generation inductively coupled plasma
mass spectrometry
FI-ICP-AES Flow injection inductively coupled plasma atomic emission
spectrometry 
FSH Follicle stimulating hormone
Ge(Li) Germanium doped with lithium
Gen. Generation
GF Graphite furnace
GF-AAS Graphite furnace atomic absorption spectrometry
GIFT Gamete Intra-Fallopian Transfer
GnRH Gonadotrophin releasing hormone
GSHPx Glutathione peroxidase
HAP Hydrated antimony pentoxide
HCG Human chorionic gonadotrophin
HG Hydride generation
HG-ICP-AES Hydride generation inductively coupled plasma atomic emission
spectrometry
HG-ICP-MS Hydride generation inductively coupled plasma mass
spectrometry
HG-N2-MIP-MS Hydride generation nitrogen microwave induced plasma mass
spectrometry
HMG Human menopausal gonadotrophin
HPGe High purity germanium
HPIC High performance ion chromatography
HPLC High performance liquid chromatography
HR-ICP-MS High resolution inductively coupled plasma mass spectrometry
IAEA International Atomic Energy Agency
IC Ion chromatography
ICP-AES Inductively coupled plasma atomic emission spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
ICSH Interstitial cell stimulating hormone
IDMS Isotope dilution mass spectrometry
INAA Instrumental neutron activation analysis
IUD Intrauterine contraceptive device
IUI Intra-Uterine Insemination
IUPAC International Union of Pure and Applied Chemistry
IVF In-vitro Fertilization
LA Laser ablation
LH Luteinising hormone
LOD Limit of detection
LV Literature value
MeOH Methanol
MEP-MS Microwave induced plasma mass spectrometry
MWV Microwave
m/z mass to charge ratio
n number (of samples or observations)
N2-MIP-MS Nitrogen microwave induced plasma mass spectrometry
NAA Neutron activation analysis
NBS National Bureau of Standards
NIES National Institute for Environmental Studies
NIST National Institute of Standards and Technology
PCB Polychlorinated biphenyl
PIXE Particle induced X-ray emission spectrometry
PN Pneumatic nebulization
PHGPx Phospholipid hydroperoxide glutathione peroxidase
PTFE Polytetrafluoroethane
QC Quality control
RF Radioffequency
RIMS Resonance ionization mass spectrometry
RNAA Radiochemical neutron activation analysis
rpm revolutions per minute
rsd relative standard deviation
Sb (DDC) Antimony-diethyldithiocarbamate
SRM Standard reference material
std(s) standard(s)
Tvs Half-life
TCA Trichloroacetic acid
TFA Trifluoroacetic acid
TI-IDMS Thermal ionisation isotope dilution mass spectrometry
TMAH Tetramethyl ammonium hydroxide
UK United Kingdom
USN Ultrasonic nebulizer
XRF X-ray fluorescence
ZEFT Zygote Intra-Fallopian Transfer
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Chapter 1
Introduction
1
1.0 Introduction
The connection between inorganic elements and human health has long been 
established. Iron, for example, has been recognised as essential to human health since 
the 17th century, and iodine since 1850 (Iyengar, 1989). This century has seen rapid 
advances in understanding how inorganic elements interact within the human body. 
Research has shown that many of these elements can have both beneficial and 
detrimental effects, often dependent upon inter-related factors such as concentration, 
chemical form and the presence or absence of other species. The number of elements 
that have been found to be beneficial, and indeed essential to human health is still 
growing, and now include some of those which were considered toxic to life only a 
few decades ago. With greater understanding of how the human body uses these 
elements, comes also an appreciation of their relationship with human disease and 
illness. By studying these relationships we can hope to provide additional tools with 
which to treat health-related problems and disorders.
Human infertility is one such health problem that has far reaching implications for 
individuals and for humankind as a whole. It has been estimated that as many as one in 
six couples in Western societies are infertile (Neuberg, 1991). In recent years there 
have also been growing concerns over the decrease in human fertility, particularly in 
men (Carlsen et at., 1992; Irvine, 1994). Many factors can potentially impair 
fertility. Biological causes include physical defects, hormonal imbalances, genetic 
disorders and disease. Environmental factors such as stress, smoking, drugs, alcohol 
and occupational exposure to chemicals can also be significant, particularly in modem 
industrialised societies. Nutrition is also an important factor as fertility depends upon 
an adequate supply of certain key nutrients such as vitamins, essential free fatty acids 
and inorganic elements (Davies and Stewart, 1987; Leese, 1988; Jones, 1991; 
Neuberg, 1991). The relationship between human fertility and inorganic trace 
elements is the focus of this study.
2
1=1 Classification of Elements
Elements in nature can be classified as major, minor, trace or ultra-trace, depending 
on the concentrations at which they are usually found. In the human body, major 
elements are arbitrarily defined as those which are present in greater than 5g quantities 
in the whole body of an average adult and trace elements as those which are present at 
less than 5 g (Kaplan et aL, 1995).
Classification of elements in this way is fairly inexact and gives no real indication of 
the role or activity of an element, but simply helps to give a broad picture of the 
concentrations to be expected. When a biological system is to be considered, a more 
meaningful description can be used in addition to this which classifies elements in 
terms of them being essential, non-essential or toxic to human health.
1.1.1 Essentiality and Toxicity of Elements
An element is considered essential to an organism if it satisfies all of the following 
criteria (Bowen, 1979):
(a) the element must be present in living matter,
(b) it must be able to interact with living systems,
(c) a dietary deficiency of the element must consistently result in a reduction 
of a biological function, from optimal to sub-optimal, and be preventable or 
reversible by physiological amounts of this element.
Using these criteria, it has been possible to establish a number of elements as being 
essential to man (Mertz, 1981) (see also Figure 1.1):
major elements: hydrogen, carbon, nitrogen, oxygen, sodium, magnesium, 
phosphorus, sulphur, chlorine, potassium and calcium.
trace elements: fluorine, silicon, vanadium, chromium, manganese, iron, cobalt,
nickel, copper, zinc, arsenic, selenium, molybdenum, tin and iodine.
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The rules for determining the essentiality of a particular element have received new 
attention in recent years as evidence emerges for trace element effects in human 
biological systems which do not fit within the old definition of ‘essential’. A World 
Health Organisation (WHO) Expert Consultation recently redefined the essentiality of 
trace elements, removing the requirement for an essential element to have a well 
defined mode of action:
“An element is considered essential to an organism when reduction o f its exposure 
below a certain limit results consistently in a reduction in a physiologically 
important function, or when the element is an integral part o f an organic structure 
performing a vital function in the organism” (Expert Consultation, 1996; Mertz,
1997)
Non-essential elements are those whose presence in biological systems have not been 
shown to be essential, such as, beryllium, boron, aluminium, germanium, bromine, 
antimony, barium and bismuth. However, there is increasing experimental evidence to 
suggest the potential essentiality of some of these trace elements in animal and human 
systems. One example of this is boron. Several studies have recently shown or 
hypothesed links between boron and specific biological processes in animals (Nielsen, 
1994; Fort et ah, 1997; Hunt, 1997; Rowe et ah, 1997).
Trace elements are considered toxic if their presence produces an unwanted change to 
a biological system, often through the impairment or over-stimulation of a 
physiologically important process. The toxicity of a trace element depends upon its 
concentration in a given biological system and its chemical form or species (which will 
determine its bioavailability). All elements can be toxic regardless of whether they are 
considered essential or not. If the concentration is high enough, even the most 
beneficial of trace elements can show toxic effects. Each element will also become 
toxic at a different concentration and will be more or less toxic in a given chemical 
form. Chromium and nickel species are good examples of this; Cr(VI) is much more 
toxic than Cr(III) and Ni(CQ)4 shows much greater toxicity than other nickel 
compounds (Sunderman et ah, 1983; Anderson, 1987). Some trace elements that
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are not considered to be essential can be toxic at very low concentrations. Three of 
the most important non-essential elements which show toxicity in human systems are 
lead, cadmium and mercury.
1.1.2 The Role of Trace Elements in Human Health
The role of essential trace elements in the human body is not yet fully understood. The 
physiological function of trace elements has, however, been largely associated with 
enzymes. This association is of two main types; as component parts of 
metalloenzymes and as metal-enzyme complexes. Metalloenzymes have trace elements 
as part of their own structure, and as such, the metal is strongly bound within the 
enzyme molecule. Metal-enzyme complexes are more loosely bound to one-another, 
with the metal acting as an activator for the catalyst by linking enzyme and substrate 
during chemical reactions (Schiitte, 1964; Versieck and Cornells, 1989). Many vital 
body processes, such as, respiration, muscle contraction, nerve conduction, digestion, 
growth, reproduction and maintenance of body temperature all depend on the action 
of these enzymes. Enzymes operate by catalysing the essential reactions that provide 
the energy and chemical changes needed for these processes to take place (Kaplan et 
al., 199S). Trace elements are also involved in other biological functions, including; 
oxidation and reduction reactions, transport processes, membrane permeability, the 
function of subcellular organelles (for example mitochondria) and the synthesis and 
stabilization of proteins and nucleic acids (Versieck and Cornells, 1989).
The importance of trace elements to human health therefore becomes apparent. Even 
very small amounts of an element can have a significant effect on essential body 
processes. This effect can be demonstrated by considering the example of cobalt. 
Cobalt is essential to the formation of Vitamin B12 (cyanocobalamin) and also makes 
up part of the structure of this molecule. Vitamin B12 is in turn necessary for the 
formation of red blood cells and for the formation of the amino acid methionine. 
Deficiency of Vitamin B12 results in the serious, potentially fatal, disease of 
pernicious anaemia. Hence, even trace amounts of cobalt (typically 0.1 - 0.2 pg I'1 in 
blood serum) can have a pronounced effect on the health of the entire organism
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(Mertz, 1981; Davies and Stewart, 1987; Versieck and Cornells, 1989; Rowland, 
1992).
A significant factor relating to the role of trace elements in living systems is 
specificity. Many of the biological processes which depend upon the presence of a 
trace element, such as the activation of enzymes, are designed to respond properly to 
a specific element and no other (Mertz, 1981). This has implications as the absence of 
the specific element will result in the impairment of the process, and also elements 
with very similar chemical and physical properties have the potential to obstruct or 
alter the process. This can be shown by considering enzymes specific to zinc and the 
antagonistic nature of cadmium (Ferm, 1972). Cadmium has very similar chemical 
properties to zinc due to its similar electronic structure, ([Ar]3d104s2 for zinc and 
[Kr]4d105s2 for cadmium, Emsley, (1991)), and as a result, will behave in a very 
similar way in the body. Cadmium can, therefore, compete with zinc, interfering with 
zinc metabolism and disrupting the function of zinc-dependent enzymes (e.g. carbonic 
anhydrase and alkaline phosphatase) (Lindskog and Malmstrom, 1962; Plock and 
Vallee, 1962). Conversely, zinc can also protect against the disruptive effects of 
cadmium. This has been demonstrated in the testicular tissue of rats and mice. 
Subcutaneous injections of cadmium salts (cadmium chloride or lactate) were shown 
to cause acute destruction of the testes. When the same injection was made together 
with a large dose of zinc acetate, the testes were completely protected against 
cadmium damage (Parizek, 1957).
The body’s main source of trace elements is through nutrition (see Figure 1.2). 
Adequate digestion of food and the absorption of nutrients is therefore important for 
maintaining the trace element levels required in normal health. Trace element 
absorption is related to bioavailability. This is defined as “the proportion of the total 
metal in a food, meal or diet that is utilised for normal metabolic functions” 
(Fairweather-Tait, 1997). Trace element bioavailability in the body is determined by 
many dietary and physiological factors. Chemical form, physical form and oxidation 
state are all important, as well as the presence or absence of complexing compounds 
which can modify mucosal cell uptake. Phytate, for example can inhibit mucosal cell
7
uptake, while ascorbate can enhance it (particularly for iron). Other complexing 
compounds can modify renal excretion (such as EDTA) or can increase faecal losses 
(such as phytate, particularly for zinc). Competition can also occur between trace 
elements (Behne, 1989; Versieck and Cornells, 1989; Kirchgessner, 1993; 
Fairweather-Tait, 1998). Physiological factors determining trace element uptake 
include homeostatic control, bacterial fermentation, the presence of infections or 
diseases and anabolic requirements (such as those relating to growth, pregnancy and 
lactation) (Kirchgessner, 1993; Fairweather-Tait, 1998) Once absorbed, trace 
elements are transported by the blood and taken up by various organs and tissues 
according to demand.
Intake with T . Excretion with
 «, Intestine  ►
the food the feces
Figure 1.2: Model of Trace Element Metabolism (after Kirchgessner, 1993).
Trace element transport, storage and regulation in the body is controlled by 
homeostasis. This is an important biological process which maintains a relatively 
constant concentration of ions and other constituents in the various body fluids. The 
total metal ion content of a given system will be composed of free and bound ions in 
solution. Metal ions (in blood, for example) are selectively transported to their site of 
action using ‘carrier’ molecules. Examples of carrier molecules are transferrin,
8
metallothionein, albumin and a-macroglobulin. One feature of homeostasis is that the 
transport molecules operate at less than full capacity. In this way the system has a 
buffer against excessive amounts of an element (Schroeder, 1973; Mertz, 1981; 
Frausto da Silva and Williams, 1991; Abercrombie et al., 1992; Kirchgessner, 
1993; Williams, 1998).
Despite the regulation processes, the trace element composition of blood may be 
affected by a number factors. Short-term changes can be brought about through 
recent food intake, menstruation, posture, exercise and time of day. Long-term 
changes are associated with age, occupation, geographical location, sex, pregnancy, 
dietary habits and body mass (Versieck and Cornelis, 1989). Some of these factors 
will be discussed further in later sections (1.2.3; 1.3.3.1),
1.1.3 Dose Response Curves
The effect of different elements on a system, in terms of their concentration and also 
the ability of the system to regulate the levels of the element, can be illustrated using a 
graphical technique This was first introduced earlier this century (Bertrand, 1912), 
and is commonly known as a dose-response curve (Figure 1.3).
The ‘range of safe and adequate exposure’ on the graph is representative of the 
homeostatic regulation process, where the function of the element is maintained over 
a range of concentrations. It can be seen, however, that on either side of this optimum 
region homeostasis breaks down. In the case of deficiency there is simply not enough 
of the element present to maintain optimal system performance, and in extreme cases 
this will result in death. The opposite is true for toxicity, as here there is simply too 
much of the element for the system to cope with, again resulting in death in extreme 
cases. It should be noted that every element will have a different dose-response curve, 
with broader or narrower optimum regions. As an example, selenium has quite a 
narrow optimum region, resulting in cases of both deficiency and toxicity due to the 
relatively fine balance between too much and too little selenium in the body. For 
elements such as lead, cadmium and mercury, the graph will look quite different as the
9
function will begin as ‘normal’ when none of the element is present and decrease with 
increasing concentrations to a point at which the concentration becomes toxic and 
ultimately fatal.
Range o f safe and 
adequate exposure (intake)
Figure 1.3: Typical ‘Dose-Response’ Curve for an Essential Element (after 
Underwood and Mertz, 1987).
1.2 Trace Elements and Fertility
The role of trace elements in biological systems as a whole has been discussed and the 
importance of essential elements demonstrated. Trace element toxicity has also been 
considered, with particular reference to heavy metals, such as, cadmium, mercury and 
lead The relationship of trace elements to human health will now be studied in more 
detail by considering the specific body systems relevant to this study; the male and 
female reproductive systems.
1.2.1 General Fertility and Infertility in Women
Fertility in women is linked primarily with oocyte (egg) production, release, and 
transport to positions where fertilization and subsequent development of the embryo 
can occur. Any factor which interferes with one or more of these areas can potentially 
cause infertility.
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1.2.1.1 The Female Reproductive System
All women have a finite number of cells, contained within their ovaries, which can 
develop into an oocyte. From the onset of puberty, up until the menopause, a certain 
number of these cells develop and mature during each menstrual cycle. At the start of 
the cycle, around twenty cells may start to develop, forming a series of minute fluid 
filled follicles, each containing a developing oocyte. Only a few follicles will mature to 
the final stages of development (Figure 1.4), the rest being reabsorbed Usually only 
one of these will then rupture and release an oocyte into the fallopian tube at 
ovulation (Figure 1.5). The oocyte then rests in the upper end of the fallopian tube to 
await fertilization (Baker, 1972; Schwartz and Hoffman, 1972; Edwards, 1974; 
Neuberg, 1991).
Oocyte or ovum 
Follicular fluid
Figure 1.4: Diagram of a Mature Ovarian Follicle (after Rowland, 1992)
Hormones play a major role in human reproduction and control many of the processes 
essential to achieving successful fertilization. The female endocrine system responsible 
for regulating the reproductive cycle includes the ovaries, the hypothalamus and the 
pituitary gland. Gonadatrophin Releasing Hormone (GnRH) is produced by the 
hypothalamus, which in turn stimulates the pituitary to synthesise and secrete Follicle 
Stimulating Hormone (FSH) and Luteinising Hormone (LH). FSH stimulates the 
development of ovarian follicles and the production of oestrogen. Rising oestrogen 
levels then stimulate a surge of LH, which triggers ovulation Ovarian hormones are 
also responsible for inducing rhythmical changes in the oviducts, uterus, cervix and 
vagina (Leese, 1988; Neuberg, 1991; Rowland, 1992).
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Fallopiai
Ampulla
Isthmus
Vagina
Figure 1.5: Diagram of the Female Reproductive Tract (after Leese, 1988)
1.2.1.2 Female Infertility
Many factors can cause or contribute to impaired fertility in women Age is one factor 
common to all women, as natural fertility decreases rapidly after the age of 35, but 
other biological factors are also important (Guttmacher, 1952). These can be divided 
into groups, depending upon the area affected and are listed below.
Ovulation Problems
Failure to ovulate is the cause of infertility in at least 20% of women This is 
commonly caused by polycystic ovary disease in which there is an overproduction of 
testosterone. This then leads to hormonal problems or imbalances, with 
overproduction of LH and insufficient production of FSH. The ovaries then become 
packed full of little follicle cysts that prevent the development of a follicle and 
ovulation cannot occur. Low FSH levels can also produce an inadequate luteal phase, 
resulting in insufficient progesterone production. Another cause of ovulatory failure is
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where the pituitary gland is unable to produce sufficient FSH and LH (Neuberg, 
1991).
Fallopian Tube Problems
About 15% of women who attend an infertility clinic will have a problem caused by 
disease or damage to the fallopian tubes (Neuberg, 1991). This often results in the 
blockage, or partial blockage, of one or both of the fallopian tubes, preventing the 
passage of eggs, sperm or embryos between the ovaries and the uterus. Damage can 
also occur to the mucosal lining of the tube. In addition, adhesions, which grow from 
diseased areas can prevent egg movement within the tube (Leese, 1988; Jones, 1991; 
Neuberg, 1991).
Endometriosis
Endometriosis is a condition in which some of the lining of the uterus (the 
endometrium) is deposited or grows in other sites, such as within the ovaries. These 
sites are active and as such are subject to hormonal control in the same way as the 
endometrium. Menstruation occurs at the same time as the lining of the uterus, but the 
blood is unable to escape and a blister forms. With successive menstrual cycles the 
blister enlarges, forming a cyst (Jones, 1991; Neuberg, 1991). Endometriosis may 
account for about 20% of female infertility problems (Neuberg, 1991).
Mucosal Problems
Problems with cervical mucus account for about 5% of infertility in women. Normal 
cervical mucus is only favourable to sperm a few days before ovulation occurs. 
During this time the mucus becomes stretchy and flows easily. This serves to guide 
the sperm into the cervical canal where they are stored and released at intervals into 
the uterus (Neuberg, 1991). Problems occur when the mucus does not change at this 
time, and remains thick and glue-like. Sperm antibodies can also be present, making 
the mucus hostile to sperm. Mucus production is triggered by a rise in oestrogen,
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prior to ovulation. Failure to ovulate and/or hormonal imbalances can therefore result 
in mucosal problems (Leese, 1988; Jones, 1991; Neuberg 1991).
Other Problems
Other possible causes of infertility are the growth of fibroids or polyps in the uterus 
which, if large enough, can block the passage of the oocyte or prevent it from 
implanting and growing. Malformations of the uterus can also be a problem, such as 
the presence of a dividing wall or septum. Cervical polyps can cause infertility 
problems by blocking the passage of sperm into the uterus (Jones, 1991; Neuberg,
1991)
1.2.2 General Fertility and Infertility in Men
Fertility in men is mainly dependent on sperm (spermatozoa) production. Any factor 
which impairs or disrupts sperm production, and/or the viability of the sperm for 
achieving successful fertilization of the female oocyte can result in infertility.
1.2.2.1 The Male Reproductive System
Unlike oocyte production in women, the production of sperm is continuous, starting 
at puberty and continuing until old age. Sperm (Figure 1.6) are produced in the testis 
in a hormonally controlled process (spermatogenesis) in which they develop from 
spermatogonia cells. Development is in several stages, from spermatogonia to primary 
spermatocytes, secondary spermatocytes, spermatids and finally to spermatozoa, over 
a period of about 10 weeks. Spermatogenesis is temperature dependent, and will not 
take place at normal body temperature (37°C). For this reason, the testis are outside 
the body at a lower temperature of around 34°C. After production in the testis, sperm 
mature further in the vasa efferentia and the epididymis (Figure 1.7). At ejaculation, 
sperm are forced along the vas deferens and out through the penis, mixing along the 
way with alkaline secretions from the seminal vesicles and prostate gland to form 
semen. The alkalinity of the semen is essential for the survival of the sperm in the 
acidic conditions of the vagina. Semen contains enzymes which stimulate the sperm to
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swim and also provides energy, in the form of fructose. In healthy men, semen 
contains around 100 million sperm per ml. Once inside the female, sperm remain 
viable for up to two days. Within this time they have to reach the upper end of the 
fallopian tube, where fertilization can occur if an oocyte is present. Only a few 
hundred sperm will survive to reach the site of fertilization (Leese, 1988; Rowland,
1992).
Hormones also play an important role in the male reproductive process. As for 
females, the hypothalamus stimulates the anterior pituitary gland to produce follicle 
stimulating hormone (FSH) and luteinising hormone (known as interstitial cell 
stimulating hormone (ICSH) in men). FSH stimulates sperm production and ICSH 
stimulates the testes to produce testosterone. Testosterone stimulates the 
development of the male accessory sex organs at puberty, as well as the secondary 
sexual characteristics (facial and pubic hair, muscle development, breaking of the 
voice) and is also responsible for stimulating sexual drive.
1.2.2.2 Male Infertility
Infertility in the male is usually caused by problems with sperm production, function 
and/or sperm numbers. Viability of semen is determined by assessing sperm density 
and motility and subjects can be classified according to their condition (Table 1.1).
Table 1.1: Classification of Male Fertility Based on Semen Quality 
(Aitken, 1986)
Condition Semen Quality
Azoospermia no sperm present
Oligozoospermia < 1 - 20 x 106ml_1 sperm density :
Asthenozoospermia > 20 x 106 ml"1, < 60% motile
Normal (Normozoospermia) > 20 x 106 ml'1, > 60% motile
Infertility can arise for many of the same reasons as women, such as hormonal and 
immunological factors, and can also be due to structural problems within the
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reproductive system (Leese, 1988). Blocked tubes (vasa deferentia, see Figure 1.7), 
can be caused by congenital defects at birth, through scarring from sexually 
transmitted diseases or through surgery, such as in a vasectomy (Jones, 1991). Other 
structural problems can include undescended testicles and varicoceles (varicose veins 
in the testicles). Problems with ejaculation can also occur, such as sperm being 
ejaculated backwards into the bladder. This can be caused by illness (such as diabetes) 
or as a result of prosthetic surgery (Jones, 1991). Another common cause of 
infertility is heat; close fitting garments, hot working conditions or too many hot baths 
can all impair sperm production (Neuberg, 1991).
1.2.3 Other Factors Affecting Fertility
Other biological and environmental factors can also be significant to human fertility 
and infertility. These include nutrition (vitamins and minerals), stress, social drugs, 
exposure to toxic chemicals and genetic factors. The following sections discuss these 
factors in more detail.
1.2.3.1 Nutrition
Nutrition plays an important part in maintaining human fertility, specifically through 
the action of vitamins, minerals and other essential nutrients. Nutrition is also a major 
source of trace elements, but these are discussed in greater detail in the next section 
(Section 1.2.5),
A healthy balanced diet is widely accepted as being essential for the general 
maintenance of human health (Davies and Stewart, 1987). This is also true for 
human fertility, especially for ensuring continued ovulation and menstruation in 
women, and for continued sperm production in men. Nutrition is also important after 
conception for providing the growing embryo with the nutrients it requires. A poor 
nutritional status due to dieting or conditions such as anorexia nervosa can often 
result in infertility. In women, vitamin E and essential fatty acid deficiency have both 
been linked to miscarriages. Miscarriages have also been linked to certain trace 
element deficiencies (see Section 1.2.5), infections, diseases (such as diabetes) and
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anatomical problems in the womb (Hafez, 1979; Davies and Stewart, 1987). In men, 
the B vitamins and vitamins A, C and E are all essential for successful sperm 
production, together with essential fatty acids and the amino acid arginine (Davies 
and Stewart, 1987).
1.2.3.2 Environmental and Social Factors
A number of environmental and social factors can cause impaired fertility. 
Occupational or environmental exposure to pesticides has been shown to cause 
infertility. An example of this is dibromochloropropane (DBCP), which was used 
widely in the 1970’s as a nematocidal agent, particularly on bananas. Many 
production plant, factory and field workers were found to have gross spermatozoa 
abnormalities due to the effect of DBCP on spermatogenesis. Other organochlorine 
compounds, such as, dichloro-diphenyl-trichloroethane (DDT) and polychlorinated 
biphenyls (PCBs) are also known to cause reproductive abnormalities (Whorton et 
aL, 1977).
Tobacco smoking can result in infertility, both in men and women. One study 
performed a systematic review of the scientific literature to determine whether there 
was an association between smoking and infertility in women of reproductive age 
(Augood et aL, 1998). A significant difference was observed between smokers and 
non-smokers, with smokers more at risk of infertility. The authors observed the same 
trend in patients undergoing In-vitro Fertilization (IVF) treatment. The effects of 
smoking in IVF patients has also been investigated in several other studies. Results 
from one showed that women who smoked during their treatment cycle had 
approximately a 50% reduction in implantation rate and ongoing pregnancy compared 
to non-smokers. This study also showed an association between increasing tobacco 
exposure and decreasing numbers of retrieved oocytes and numbers of embryos (Van 
Voorhis et aL, 1996). Another study showed similar results for females and also 
reported an effect of male smoking on pregnancy outcome. Women with partners who 
smoked showed a 2.4% decrease in the likelihood of achieving a 12-week pregnancy 
with every one-year increase in their partner’s age. The authors concluded that
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smoking in the males may be causing genetic damage to spermatozoa (Joesbury et 
ah, 1998).
Alcohol can also affect human fertility, particularly in the male. Excessive alcohol 
consumption is known to cause nutritional imbalances and can lead to deficiencies in 
trace elements. Zinc, which is required for spermatogenesis and sperm viability, is one 
such element reduced through alcohol consumption (Davies and Stewart, 1987). 
Direct effects of alcohol on the male reproductive organs have also been reported 
(Van Thiel et ah, 1975). Alcohol is also known to cause problems with the 
developing foetus, particularly in foetal alcohol syndrome where development of the 
skull and limbs can be disrupted (Davies and Stewart, 1987; Bradley and Bennett, 
1995).
Stress has been shown to be significant in contributing to human infertility. The 
infertile couple will often be under a lot of pressure from one another, family, friends 
and their doctor. Psychological stress can result in specific physiological conditions 
such as impotence, ejaculatory failure or oligospermia in the male, or deliberate 
avoidance of the fertile period in the female. It can also produce biochemical effects 
such as changes in hormone levels (Palti, 1969; Copper, 1974).
1.2.3.3 Genetic Factors
Genetic factors are also a possible cause of infertility. Human genome mutations 
associated with infertility are well known, some of which can be seen visibly under a 
microscope as specific chromosome mutations. An example of this is in male 
infertility, where abnormal chromosome numbers and structural variations are 
frequently observed in men with azoospermia, oligozoospermia and
asthenozoospermia. Such abnormalities are possibly the cause of low sperm numbers 
in the first place, since meiosis (cell division) selects against structural chromosome 
defects (Vogt, 1995).
19
L2.4 Treatment of Human Infertility
A number of procedures exist which are used to treat the various infertility problems 
detailed in the previous sections. Some infertility problems can be relatively simple to 
solve, perhaps through the administration of drugs or hormones, while others may 
require major surgery. If these methods fail then it may be possible to make use of 
assisted conception techniques such as Gamete Intra-Fallopian Transfer (GIFT) or In- 
vitro Fertilization (IVF). The main techniques used will be described below.
1.2.4.1 Treatment for Female Infertility
Ovulation problems are usually a result of hormonal imbalances and as such will often 
respond to hormone treatment. Hostile cervical mucus can also be successfully treated 
in this way as mucosal changes are hormonally controlled. The opposite is true for 
endometriosis; suppression of ovulation is the best treatment, either through the use 
of the contraceptive pill or, more drastically, through the suppression of FSH and LH 
production in the pituitary by use of a drug called Danazol®. Pregnancy also removes 
endometriosis, but the endometriosis can cause infertility and so prevents pregnancy 
from occurring (Jones, 1991; Neuberg, 1991). Structural problems with the fallopian 
tubes or uterus can sometimes be solved by surgery, but this is not always successful. 
Diseased tubes and ovarian cysts may need to be removed completely. Fibroids and 
polyps can usually be removed by surgery.
1.2.4.2 Treatment for Male Infertility
Treatment for low sperm counts can include adjustment of social habits, such as 
reducing or eliminating alcohol and cigarette consumption. Stress reduction and diet 
modification can also play an important part in improving sperm production. 
Avoidance of tight clothing and hot baths can be important where overheating of the 
testicles is a problem (Neuberg, 1991). Structural problems can often be corrected by 
surgery, but fertility is by no means guaranteed after such operations. Undescended 
testicles, for example, are often permanently damaged, despite surgical correction of 
the problem. Treatment for male hormonal imbalances has been attempted in a 
number of ways but most of these have not been very successful in improving fertility
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(Neuberg, 1991). Where these methods fail, assisted conception can sometimes offer 
alternatives.
1.2.4.3 Assisted Conception Techniques
Despite treatment for specific infertility problems, conception may still fail to occur by 
natural means. When this is the case, or when treatment was not possible, assisted 
conception methods can be used to increase the chances of pregnancy occurring. 
Assisted conception techniques all make use of artificial insemination, but vary in the 
degree of interference that takes place to the natural fertilization processes. The main 
techniques are described below.
Intra-Uterine Insemination (IUI)
This is the most basic form of assisted conception. The ovarian cycle is stimulated 
using Clomiphene® or HMG and follicular growth is monitored using ultrasound. 
When the follicle reaches about 16mm in diameter, a sperm sample is injected into the 
uterus. A sperm injection is repeated on the following day and Human Chorionic 
Gonadotrophin (HCG) is then given to stimulate ovulation. A further sperm injection 
is made on the third day and ultrasound is used to check that ovulation has occurred. 
This technique ensures that the best sperm (see ‘swim-up’ method below in this 
section) are introduced at the optimum time for fertilization to occur (Neuberg, 
1991)
Gamete Xntra-Fallopian Transfer (GIFT)
This technique involves the transfer of sperm and eggs (the gametes) together into the 
fallopian tubes such that fertilization and subsequent implantation can take place 
naturally. This method by-passes the need for sperm to make their way up to the 
fallopian tubes from the vagina. Very few sperm, if any, complete this journey in cases 
of poor sperm count and/or low motility, so GIFT can be a good solution to these 
problems (Jones, 1991; Neuberg, 1991),
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Zygote Xntra-Fallopian Transfer (ZIFT)
ZIFT combines features of both GIFT and IVF, where instead of sperm and eggs, 
several externally fertilized zygotes (early embryos) are placed in the fallopian tube. 
These are then allowed to pass down the tube and into the uterus where, hopefully, 
one (or more) will implant naturally in the lining of the uterus. This removes the 
uncertainty of GIFT relating to fertilization; eggs and sperm are introduced together 
in the right place using GIFT, but this does not guarantee that fertilization will occur.
Both GIFT and ZIFT can only be used if at least one fallopian tube is 100% healthy in 
the woman. In cases of tubal disease or other tubal defects, IVF becomes the only 
option (Jones, 1991).
In-vitro Fertilization (IVF)
In-vitro Fertilization is a process where a pre-ovulatory oocyte is removed from a 
woman and fertilized externally with sperm. Post conception, the embryo is grown for 
a few days and is then placed back inside the body of the woman. Replacement occurs 
at the uterus where, if implantation is successful, the embryo will grow as it would in 
a natural pregnancy (Webster, 1986a; Leese, 1988; Neuberg, 1991).
IVF in humans is usually a last resort for couples with infertility problems. 
Unexplained infertility, blocked tubes or other factors, such as age, are some of the 
main reasons for undergoing IVF treatment.
Selection of sperm for use with assisted conception techniques is usually carried out 
using the ‘swim-up’ method. Culture medium is added to the semen sample (see 
Section 3.1.1.4 for collection details) before both are mixed and then centrifuged for 
10 minutes. More culture medium is then added to the resulting sperm pellet and both 
are centrifuged for a second time. The second sperm pellet is then mixed with a small 
amount of culture medium, before a further volume of culture medium is carefully 
placed above it. The sample is then incubated at 37°C for 20 minutes. During this 
time, the most motile sperm will ‘swim up’ through the top layer of the culture 
medium. These sperm are then used for fertilization (Neuberg, 1991; Lavery, 1999).
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Oocytes, for use with assisted conception techniques, are collected from the ovaries 
after they have been stimulated to produce multiple ovarian follicles by injections of 
Human Menopausal Gonadotrophin (HMG) and Follicle Stimulating Hormone (FSH). 
Oocytes and follicular fluid are then collected from the follicles just prior to ovulation, 
by means of laparoscopy (see Section 3.1.1.3 for details) or by ultrasound guidance 
(Webster, 1986; Wikland et al., 1986; Leese, 1988; Neuberg, 1991).
Despite the growing sophistication and availability of assisted conception techniques, 
many couples are still unsuccessful in their attempts to conceive and produce a 
healthy baby. IVF has success rates of around 17% to 30% (Jones, 1991). For many 
couples who fail to conceive by IVF, the source of their infertility remains 
‘unexplained’. Tests on both partners have failed to find the cause of their ongoing 
infertility. For this reason, research into other possible causes of infertility becomes 
important.
1.2.S Trace Elements and Infertility
Variation in the concentration of at least nineteen trace elements can cause potential 
problems in human fertility, embryogenesis and pregnancy as a whole. These include 
essential and toxic trace elements such as lithium, boron, aluminium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, arsenic, selenium, molybdenum, 
cadmium, indium, tellurium, iodine, mercury and lead (Lappe, 1983). Problems arise 
due to deficiency and/or toxicity induced by biological, dietary and environmental 
factors, together with the extra demands put upon women during pregnancy.
Specific examples of trace elements essential to human reproduction and those which 
have been shown to impair fertility will next be considered in detail.
1.2.5.1 Lithium
Lithium toxicity has been shown to cause reduced fertility and embryo survival in 
animals and has also been linked with an increased risk of birth defects in humans,
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particularly in those taking lithium carbonate or lithium chloride in the treatment of 
depression (Lappe, 1983). Lithium deficiency can also have an adverse effect on 
reproduction. This has been demonstrated by reduced conception rates in goats and 
rats fed on low lithium diets (Mertz, 1986).
1.2.5.2 Boroo
Animal studies have indicated some reproductive effects of boron, both from toxicity 
and deficiency, but relatively little is known about the effects on human reproduction 
(Chapin and Ku, 1994; Fort et aL, 1997; Rowe et aL, 1997). Only a few studies 
have been published and these are limited to investigations of occupational and 
environmental exposure. The earliest of these examined 28 Russian males working in 
boric acid production. The study reported a reduction in sexual activity, and found 
adverse semen quality changes in 6 of the workers (Tarasenko et aL, 1972). In 
contrast to this, a later occupational exposure study in the USA showed a statistically 
significant increase in fertility (using live births as the measured end-point) in male 
inorganic borate workers (Whorton et aL, 1994). However, two recent population 
studies on Turkish adults have shown no link between environmental boron 
concentrations and human fertility (Sayli, 1998; Tiiccar et aL, 1998).
1.2.5.3 Aluminium
In two recent studies, high aluminium concentrations in human spermatozoa have 
been linked with decreased sperm motility (Dawson et aL, 1998; Hovatta et aL,
1998). Other than this, there have been few reports of aluminium effects on human 
fertility. Aluminium is, however, a suspected foetal teratogen. It has also been shown 
to cause neurological damage, especially in cases of occupational exposure and in 
dialysis patients or those on total parenteral nutrition (Lappe, 1983; Alfrey, 1986). 
One study examined aluminium toxicity in pre-term infants that were being fed 
intravenously. The authors concluded that prolonged intravenous feeding with 
solutions containing aluminium was associated with impaired neurological 
development (Bishop et aL, 1997).
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1.2.5.4 Manganese
The essentiality of manganese was established after it was found to be necessary for 
the growth and reproduction of rats and mice. Testicular degeneration, impaired 
ovulation and infant mortality were all observed in manganese deficient animals 
(Kemmerer et ah, 1931; Orent and McCollum, 1931). Such effects have also been 
observed in other animal species, but have not yet been demonstrated in humans 
(Leach, 1976; Hurley and Keen, 1987). Manganese toxicity in humans has been 
reported through occupational exposure to airborne dust. Such exposure can cause 
neurological damage, but has not been shown to affect fertility (Hurley and Keen, 
1987).
1.2.5.5 Iron
High levels of iron have been suggested as a cause of female infertility, specifically 
through the onset of amenorrhoea (failure to menstruate) (Lappe, 1983). Detrimental 
effects of iron on foetal development have also been postulated, due to excessive iron 
supplementation during pregnancy (Ward et ah, 1990a). Iron deficiency is far more 
common however, especially in women of reproductive age. Low iron levels are 
usually due to blood losses during menstruation, though this has not been shown to 
cause infertility. Pregnancy has also been shown to reduce iron concentrations. Severe 
deficiency during pregnancy can result in foetal anaemia and growth retardation 
(Lappe, 1983; Morris, 1987). Transferrin, an iron-binding protein, has been found in 
the ovarian follicle, specifically for iron transport between “intravascular and follicular 
compartments” (Aleshire et ah, 1989). The local synthesis of a follicular transferrin­
like protein has also been suggested, indicating that iron could be important in relation 
to the function of the ovarian follicle (Entman et ah, 1987; Paszkowski et ah, 1996).
1.2.5.6 Nickel
Nickel has been widely reported in animal studies as an embryotoxin and teratogen, 
particularly when present as nickel carbonate (Sunderaian et ah, 1983). In male rats, 
soluble nickel salts injected into the testis caused rapid degeneration of spermatozoa 
and oral administration of nickel sulphate resulted in the inhibition of spermatogenesis
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(Hoey, 1966; Van Waltschewa et al., 1972). Far less is known about the 
reproductive toxicity of nickel in humans. General nickel toxicity is associated with 
cancer and particularly with respiratory cancer due to occupational inhalation of 
nickel compounds. Occupationally exposed males have not shown changes in fertility 
(Lee, 1983). One study has, however, demonstrated the human embryotoxicity and 
teratogenicity of nickel, with reported increases of congenital defects and spontaneous 
abortions in Russian women working in a nickel refinery (Chashschin et al., 1994). 
Another author, who compared the concentrations of nickel in the semen of fertile and 
infertile men, found that nickel levels were higher in the fertile men (Umeyama et al., 
1986)
1.2.5.7 Copper
A wide range of disorders have been linked with copper deficiency in animal studies. 
These include anaemia, bone disorders, gastrointestinal disorders, cardiovascular 
defects, abnormal growth and depigmentation of hair, heart failure, and impaired 
reproductive performance (Underwood, 1971). Infertility through copper deficiency 
has been widely reported with reproductive failure usually occurring through foetal 
death and resorption (Davis and Mertz, 1987). Copper deficiency in humans is 
relatively rare, but high levels of copper are much more common. High copper levels 
are found particularly in women using oral contraceptives or intrauterine 
contraceptive devices (IUD’s). Copper is used in these products to help control the 
ovulation cycle. Super-ovulatory drugs, such as Clomid® or Pergonal®, used in IVF 
treatment can also produce high levels of copper in the body. Copper is known to rise 
naturally during pregnancy. The implications of this are that women who conceive 
with already raised copper levels are potentially at risk from toxic effects of copper 
(Grant, 1985; Versieck and Cornelis, 1989).
High concentrations of copper have been reported to be embryotoxic, teratogenic and 
cause premature births in animal studies. Reports of toxic effects in humans are 
limited. Epidemiological studies have shown some toxic effects of copper in humans, 
for example, in populations working at or living near to an industrial smelter in
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Sweden. This study showed a reduction in fertility and an increase in spontaneous 
abortions (Nordstrom et al., 1978).
Copper and zinc are intimately related in the body and excessive amounts of one can 
result in deficiencies of the other. A good example of this is the effect of the 
contraceptive pill, which is often associated with reduced zinc and elevated copper 
levels (Davies and Stewart, 1987).
1.2.S.8 Zinc
Zinc deficiency in general is associated with increased susceptibility to disease and 
infection due to impairment of the immune system. In relation to fertility and 
development, zinc deficiency has been shown to produce malformations in animals as 
well as in humans (Lappe, 1983). The protective effect of zinc against the teratogenic 
effects of other toxic elements has also been well documented. A good example of 
this protective effect is the ability of zinc to shield the foetus from the teratogenic 
activity of cadmium (Ferm, 1972).
Zinc is required for the correct metabolism of essential fatty acids, resulting in their 
conversion to prostaglandins (Passwater and Cranton, 1983; Lappe, 1983). It is 
also required for the proper function of the male and female reproductive systems.
Zinc deficiency has been shown to cause impaired spermatogenesis and testosterone 
production in male animals and in humans. Testosterone production was observed to 
increase significantly in all cases with subsequent zinc supplementation (Abbasi et al., 
1980; Prasad et aL, 1981; Mahajan et al., 1982). Zinc is found at high levels in 
seminal plasma and semen. The source of this zinc is mainly from prostatic secretions. 
Zinc is thought to be necessary for the viability and motility of spermatozoa (Saito et 
al., 1967). Many studies have examined the relationship between zinc and sperm 
parameters, such as density and motility, but their conclusions are somewhat 
contradictory (see Section 1.3.3.4 below).
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1.2.5.9 Selenium
Studies on selenium deficiency in animals have demonstrated significant negative 
effects on the male reproductive system. Many of these effects are observed in 
spermatozoa, such as, reduced sperm production, reduced motility and breakage of 
the spermatozoon tail near the mid-piece (Wu et al., 1979; Levander, 1986). 
Researchers have isolated a selenopolypeptide from rat sperm which may play a role 
in the normal formation of the sperm tail. In addition to this, radiolabelled selenium 
has been shown to collect in the mid-piece of spermatozoa in selenium deficient rats. 
Abnormalities have also been observed in the mid-piece mitochondria in selenium 
deficient animals (Brown and Burk, 1973; Calvin et al., 1981; Wallace et al., 
1983; Saaranen et al., 1989). All of these observations indicate a significant role for 
selenium in normal spermatozoa tail formation. This was recently confirmed by Ursini 
et al., (1999) who reported that the selenoprotein phospholipid hydroperoxide 
glutathione peroxidase (PHGPx) was found in the mid-piece of mature sperm as an 
enzymatically inactive, oxidatively cross-linked, insoluble protein. The structural role 
of PHGPx may therefore explain why selenium deficiency is accompanied by 
mechanical instability in the mid-piece of spermatozoa.
Selenium deficiency also has an effect in female animals. Naturally selenium deficient 
sheep in New Zealand have shown a dramatic improvement in ovulation, fertilization 
and embryonic development with selenium supplementation (Hartley, 1963). 
Selenium toxicity can also be a factor in female infertility. Animal studies have shown 
that selenium poisoning or chronic exposure to non-lethal doses adversely affects 
female fertility and reduces the viability of the young (Mattison et al., 1983).
Human fertility studies on selenium have found similar effects to those observed for 
animals. Bleau et al., (1984) found an optimal range for selenium in semen, ranging 
between 50 and 69 pg I'1. Outside of this range, sperm motility decreased, indicating 
that both high and low levels of selenium can be harmful to male fertility. A significant 
positive correlation between sperm density and seminal plasma selenium 
concentrations was also found in this study, an observation that was in agreement 
with several different studies (Xu et al., 1993; Oldereid et ah, 1998), but disagreed
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with others (Saaranen et ah, 1987; Roy et ah, 1990). Selenium deficiency has also 
been linked to miscarriages in women (Barrington et ah, 1996).
Another significant role of selenium is as a component of the antioxidant enzyme 
glutathione peroxidase (GSHPx). Glutathione peroxidase protects cells from oxidative 
attack. Selenium, as GSHPx, can therefore function as a protective agent against 
heavy metal poisoning, especially from cadmium and mercury. (Passwater and 
Cranton, 1983; Sugawara and Sugawara, 1984). Other roles have been reported 
for GSHPx in human fertility, for example, a selenium dependent GSHPx activity was 
found in the follicular fluid of women attending an IVF clinic, with lower levels of 
GSHPx reported in those with unexplained fertility compared to those with tubal 
defects (Paszkowski et ah, 1995).
1.2.5.10 Molybdenum
Molybdenum is an essential element, based upon its presence in enzymes such as 
xanthine oxidase and aldehyde oxidase. It does, however, exhibit antagonistic effects 
with copper (Ferm, 1972). Adverse reproductive effects have been observed in male 
rats fed on a high molybdenum diet. The rats showed a high degree of sterility and 
some testicular degeneration. Reproductive effects were not observed in female rats 
(Jeter and Davis, 1954). Molybdenum has been shown to impair reproduction in 
cattle with only small increases in dietary intake. Molybdenum appeared to reduce the 
frequency and size of luteinising hormone pulses in plasma, probably resulting in the 
impairment of pituitary gland function (Phillippo et ah, 1985).
1.2.5.11 Cadmium
Acute effects of cadmium salts on animals have been reported in the literature. These 
include haemorrhagic necrosis in the testis, haemorrhages and necrosis in non­
ovulating ovaries and destruction of the placenta during the last third of pregnancy. 
Cadmium is readily taken up by reproductive tissues, including the uterus, gonads and 
also accumulates in the placenta (Parizek, 1983; Kostial, 1986; Ward et ah, 1987; 
Ward et ah, 1987a). Other effects of cadmium in animals have been reported. There
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is some evidence that cadmium may affect the development of both the male and 
female reproductive systems. Effects are also reported on the hypothalamus and the 
pituitary gland, with the implication of hormonal disruption (Furst et al., 1983). 
Various human studies have been undertaken to investigate the effects of cadmium on 
reproduction. Oldereid et al., (1993) measured cadmium in the tissues of 
reproductive organs of men, finding that testicular cadmium accumulation only 
became apparent after the age of forty. This implied that cadmium in men was not a 
significant factor in male infertility as most men would reproduce before this age. 
Embryotoxicity in humans is not widely reported in the literature, despite evidence of 
placental accumulation. This is possibly due to the relatively small amount of cadmium 
transferred from the placenta to the developing foetus (Lappe, 1983). There is 
evidence, however, that occupational exposure to cadmium can result in reduced birth 
weight, as well as possible birth defects (Peereboom-Stegeman, 1987).
Cigarette smoke has been shown to contribute to the body burden of cadmium, and 
also increases the cadmium concentration of the placenta in pregnant women. It has 
been suggested that cadmium accumulation in the placenta will reach a saturation 
point, after which the cadmium will accumulate in the foetus (Peereboom-Stegeman, 
1987; Ward et al., 1987; Ward et al., 1987a; Ward, 1991). The effect of cadmium 
in male smokers has also been investigated. One study has reported that seminal 
cadmium increases only occurred after tobacco consumption exceeded around 20 
cigarettes per day, but that zinc concentrations were reduced before this, with 
potential consequences for fertility (Oldereid et al., 1994). Another study also 
showed higher cadmium levels in the seminal plasma of smokers compared to non­
smokers, but did not find any correlation with fertility, or between cadmium levels and 
semen parameters, such as motility and sperm density (Keck et al., 1995).
1.2.5.12 Iodine
The essentiality of iodine in man is entirely due to its presence in the hormones of the 
thyroid gland, such as thyroxine. Reduced production of these hormones, due to 
iodine deficiency or for other reasons, results in impaired fertility in both males and 
females. In males, iodine deficiency has been associated with decreased libido and
30
poor semen quality. Females with low iodine levels risk problems during pregnancy 
through premature foetal death, reabsorption or stillbirth. Iodine deficiencies often 
occur during puberty where the thyroid hormones are in increased demand, and an 
absence of which can cause delayed sexual maturation (Schiltte, 1964; Underwood, 
1971).
1.2.5.13 Mercury
The detrimental effects of mercury on foetal development have been clearly 
demonstrated in humans through two large outbreaks of mercury poisoning. The first 
of these was in a population living around Minamata Bay, Japan, brought about by 
consumption of fish contaminated with methyl mercury. The second occurred in Iraq 
after seed grain treated with a methyl mercury fungicide was used for food rather than 
planting. Significant changes to the central nervous systems of infants were found 
after these incidents. This was caused by methyl mercury crossing the placenta in 
pregnant women who consumed the contaminated food. Such placental transfer is 
high for methyl mercury, compared to inorganic forms of mercury. (Takeuchi et al., 
1962; Bakir et al., 1973; Peereboom-Stegeman, 1987). Direct effects of mercury on 
human fertility have not been reported.
1.2.5.14 Lead
Lead is considered to be the most abundant non-essential trace element in the human 
body (Schroeder and Tipton, 1968). It can affect reproduction through 
accumulation in the reproductive organs (for example, in the gonads of men) and by 
influencing physiological reproductive functions (Peereboom-Stegeman, 1987). Lead 
shows mutagenicity and can cause damage to DNA, as well as neurological damage. 
These mutagenic effects may also affect the germ cells (sperm and oocytes). Lead can 
easily enter the human body and can also cross the placenta to do damage to the 
foetus. Foetal damage can result in abortion, still-birth, reduced birth weight and 
retarded development. Lead has been shown to cause reproductive failure, and in 
particular cause amenorrhoea and menstrual disorders (Rom, 1976; Lappe, 1983), 
Human epidemiological studies have linked lead exposure with impaired fertility and
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an increased risk of abortion in women and loss of libido, low motility of sperm and 
low sperm density in men (Mattison et al., 1983; Peereboom-Stegeman, 1987).
L2.6 Selection of Elements for Study in Relation to Human Fertility
The previous section (Section 1.2.5) has shown that a number of trace elements are 
required for the normal function of the male and female reproductive systems and has 
also demonstrated the harmful effects of others. Of these elements, some are more 
relevant to this study than others. Practical factors relating to the analysis of these 
elements also have to be considered. For example, nickel, manganese, aluminium and 
molybdenum are likely to be introduced into blood and follicular fluid samples via the 
use of collection needles (Versieck et al., 1982; Versieck, 1983; Schmitt, 1987; 
Versieck and Cornelis, 1989; Cornelis, 1991; Ward 1993). Other elements, such as 
boron, iodine and mercury, are extremely difficult to analyse due to problems with 
environmental contamination (particularly for boron) and instrumental memory effects 
(Vanhoe et al., 1993; Downing and Strong, 1998; Downing et al., 1998; Moreton 
and Delves, 1998; Allibone et al., 1999).
For biological fluids, the following trace elements were selected: iron, copper, zinc, 
selenium, cadmium and lead.
Trace element analysis of scalp hair (see Section 1.3.3.1 and 3.2.2) covered a larger 
number of elements: aluminium, vanadium, chromium, manganese, iron, cobalt, 
nickel, copper, zinc, selenium, molybdenum, cadmium and lead. This was possible as 
analyte levels were generally higher than in body fluids and contamination during 
sampling was less of a problem. Vanadium, chromium and cobalt were included in this 
list (though not mentioned in Section 1.2.5 above) due to their established essentiality 
to human health (see Section 1.1.1),
1.3 Measurement of Trace Elements
In Section 1.2 the role of trace elements in human fertility and reproduction has been 
discussed. It has been demonstrated that the concentration at which an element is
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present in the body can greatly affect its function, with a potential for both positive 
and negative effects. The accurate measurement of trace element concentrations in 
biological tissues and fluids therefore becomes very important. Such measurements 
can either be used to find the total trace element concentration of a particular material 
(i.e. the sum of a trace element’s concentrations in all chemical species containing that 
particular trace element) or can look more specifically at individual chemical species.
1.3.1 Measurement of Total Trace Element Concentration
Trace element concentrations can be measured in a variety of body tissues and fluids 
(see Section 1.3.3, below). Total elemental data for these materials can be a valuable 
diagnostic tool for evaluating trace element deficiencies and toxicities, provided that 
the results are properly interpreted. One way of interpreting trends in trace element 
concentrations can be to compare results from the same subject over a reasonable 
time period (six months for example), but this is not always practical. Another way is 
to compare the results with a corresponding reference concentration range for a well 
defined population. Reference ranges are established through careful evaluation of 
literature sources. Such sources are critically examined to check for proper subject 
selection and rejection procedures, adequate number of subjects and for proper 
documentation of the study. Analytical factors are also evaluated. This can include 
checking for signs of sample contamination, the use or absence of quality control 
procedures, and the proper handling of known interferences or instrumental problems. 
Values from studies which satisfy these selection criteria can then be combined to give 
a large reference population, from which the reference ranges are established after 
statistical analysis (Iyengar, 1985 and 1987; Iyengar and Woittiez, 1988; Caroli et 
a l , 1994)
In undertaking individual measurements, or larger population estimates, the 
importance of an accurate and reliable analytical procedure becomes apparent. Such a 
procedure should ensure that; (i) any reported result is an accurate measurement of 
the trace element content of the sample, (ii) that all reasonable steps have been taken 
to prevent analyte loss or contamination during the analysis and (iii) that any 
uncertainties in the measurements are reported. Confidence in a trace element analysis
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can be achieved through the use of quality control procedures. These procedures 
cover all aspects of an analysis, from record keeping, sample handling and storage 
through to instrument calibration and the presentation of results. Quality control for 
biological trace element analysis will often include the use of Certified Reference 
Materials (CRMs) to check the accuracy of an analytical procedure. Checks can also 
be made through the use of different instruments and by inter-laboratory comparisons 
(Cornells, 1991; Mesley et al., 1991).
A number of instrumental techniques exist which can be used to measure total trace 
element levels in biological tissues and fluids. The relative merits and limitations of 
these techniques will be discussed in greater depth in Chapter 2.
1.3.2 Trace Element Speciation
The analysis of biological tissues and fluids for total trace element content is useful for 
observing general trends. It does not, however, give any information on the actual 
chemical form or forms of an element in the sample. The forms or species present can 
be extremely important as each may exhibit different chemical properties, specifically 
in terms of bioavailability and toxicity. A good example of this is the toxicity of 
arsenic compounds, which decreases in the following order: arsenite > arsenate > 
monomethlyarsonic acid > dimethylarsinic acid > arsenic (elemental) > arsenobetaine 
(Cornells and De Kimpe, 1994). Knowledge of which species are present can 
therefore make a big difference to the interpretation of total levels found, especially 
for diagnosis and treatment of illness.
The analytical procedure for the determination and quantification of these chemical 
species in a sample is termed speciation. When applied to biological tissues and fluids, 
this relates specifically to the study of the relationship between trace elements and the 
various ligands present. These ligands are mostly proteins and low-to-mid molecular 
weight compounds (Das et al., 1996).
Trace element speciation measurements are usually achieved by coupling analytical 
techniques. A separation technique, such as high performance liquid chromatography
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(HPLC) or capillary electrophoresis (CE), is first used to separate different chemical 
species present in the sample (e.g. different protein fractions). The trace elements in 
these different species are then measured by introducing the eluent into a suitably 
sensitive detector, for example, an inductively coupled plasma mass spectrometer 
(ICP-MS). This can be achieved on-line through direct coupling of the eluent line to 
the detector, or by collecting fractions off-line and introducing them one at a time into 
the detector. A chromatogram of time-resolved peaks can then be produced for each 
measured trace element. The peaks in such a chromatogram correspond to trace 
element levels in the different separated chemical species in the sample.
Techniques used for trace element speciation in biological tissues and fluids (and 
specifically for protein speciation in blood serum) are discussed in more detail in 
Chapter 3.
1.3.3 Tissues and Fluids used for Trace Element Measurements
Many biological tissues and fluids have been analysed for trace elements. These 
include blood (whole, plasma, serum, erythrocytes), hair (scalp and pubic), liver, 
lddney, lung tissue, urine, milk, saliva, sweat and cerebrospinal, seminal, tear and 
bronchoalveolar fluids (Caroli et al., 1994; Das et al., 1996). The meaning of such 
measurements needs to be carefully considered. Trace element concentrations may 
only give a ‘snap-shot’ of the body when the sample was taken, or, they may reflect 
longer-term body stores. Blood, for example, is subject to homeostatic regulation, and 
any conclusions drawn from trace element analysis (total or speciation) of blood or its 
components should take this into consideration. The choice of biological material for 
study should therefore depend upon the focus of the investigation, or in other words, 
the most appropriate material should be used to best demonstrate the validity, or 
otherwise, of a hypothesis. Other factors which may influence the choice of a material 
used include; ease of sampling (both for the patient and the analyst), health risks to 
the analyst, contamination risks from other materials and available sample quantity 
(i.e. there should be enough to do a meaningful analysis).
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Materials used in relation to human fertility studies should therefore have some 
relevance to the reproductive organs or other parts of the body that are an integral 
part of the human reproductive system. They could also be selected based on their 
ability to show whole body stores, especially in terms of determining potential 
exposure to environmental contaminants which may have an effect on fertility (such as 
toxic heavy metals).
With these factors in mind, blood serum, ovarian follicular fluid, seminal plasma and 
scalp hair were selected for use in this study of trace elements and human fertility 
These materials are discussed in greater detail below and the current state of the 
literature, pertaining to human fertility and infertility, reviewed for each.
1.3.3.1 Scalp Hair
Scalp hair is a fibrous material derived from skin which has two main parts; the root, 
which lies beneath the surface of the skin, and the shaft, which protrudes out from it 
(Figure 1.8). Hair is formed from a group of matrix cells in the root called the bulb. It
Figure 1.8: Diagram of an Active Hair Follicle (after Ryder, 1973)
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grows at between 0.2 and 0.5 mm per day, and during its formation is exposed to 
circulating blood, lymph and extracellular fluids. As the hair grows, it hardens to form 
the shaft in a process called keratinisation. The effect of this hardening process is such 
that the contents of the hair are sealed in. The hair shaft comprises three main parts; 
the medulla in the centre, the cuticle on the outside and the cortex in between. Hair is 
mostly made from keratin, a highly stable, fibrous protein (Ryder, 1973; Hopps, 
1977; IAEA, 1978; Chatt and Katz, 1988). Hair has advantages over many other 
biological materials as it is easy to collect, transport to the laboratory and analyse 
(Valkovic, 1988). It is unique (along with nails) as a body tissue in that its 
composition is not in a continuous state of change. Once the hair has been formed, it 
soon becomes isolated from the metabolic processes of the body (Hopps, 1977). In 
this way, a sample can provide information about trace elements levels over time, 
something which is not possible with materials such as blood.
The viability of scalp hair as a material for assessment of trace element status has been 
the subject of much debate. There are many papers and articles questioning the use of 
this material, and it seems, just as many advocating its use. One of the main reasons 
given in opposition to hair analysis is the multitude of factors which can affect its 
trace element content. Levels of trace elements in scalp hair have been shown to vary 
with age, gender, hair colour and race (Taylor, 1986; Chatt and Katz, 1988; 
Valkovic, 1988). Many other factors can also affect these levels such as geographical 
location (Zhuk and Kist, 1993), hair treatments (Taylor, 1986; Valkovic, 1988; Le 
Blanc et al., 1999), occupation (Valkovic, 1988a; Jamett et aL, 1991) and water 
supplies (Taylor, 1986). The allocation of “normal” values for trace elements in hair 
is therefore a difficult task. Many of these objections have been overcome by the use 
of reference ranges (see Section 1.3,1). These ranges are established for specific 
populations of people (often for a geographical location), and are usually based upon 
averages from a very large number of subjects. Such reference ranges can then aid the 
interpretation of hair analysis results (Iyengar, 1985; Iyengar and Woittiez 1988; 
Caroli et a l , 1992 and 1994). Errors in interpretation can also be reduced through 
careful sampling and by taking into consideration any hair treatments or specific 
medication in use (Smith, 1998).
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Hair has no direct function relating to human fertility, but it can be used as an 
estimation of the whole body trace element status at particular points in time. For this 
reason it was included in the current study so that some estimate of general trace 
element status could be undertaken.
1.3.3.2 Blood Serum
Whole blood is an aqueous mixture of substances in solution (nutrients, wastes, 
hormones and gases) called plasma, in which are suspended cells used in oxygen 
transport (erythrocytes), defence (leukocytes) and clotting (thrombocytes). Whole 
blood is about 55% plasma and about 45% suspended cells. Blood plasma is mainly 
water, but dissolved materials account for about 10% and give the plasma its pale 
yellow colour. Blood plasma is the major transport medium in the human body, 
carrying nutrients to cells and removing their metabolites as well as transporting 
hormones to their sites of action. Blood plasma is involved in the regulation of many 
physiological processes. The operations of other organs are also influenced by blood 
plasma, some of which are involved in maintaining the homeostasis of the entire body 
(Versieck and Cornelis, 1989; Rowland, 1992).
When exposed to air, whole blood will normally form a clot. Clotting is a defence 
mechanism which prevents the loss of too much blood and stops the entry of foreign 
organisms. Clotting occurs though a series of reactions, starting when suspended 
thrombocytes stick together and then disintegrate to release thromboplastin. 
Thromboplastin and enzymes in the plasma then catalyse the conversion of inactive 
prothrombin to active thrombin. Thrombin then catalyses the conversion of soluble 
fibrinogen to insoluble fibrin, forming a network of strands which seal the wound by 
enclosing erythrocytes at the site of the wound (Rowland, 1992). The clear fluid 
which remains after clotting is called blood serum. Blood serum is very similar to 
plasma but differs primarily in its lack of fibrinogen and other clotting proteins. Blood 
serum is usually preferred over plasma for trace element studies as addition of 
chemical anti-coagulants (and hence possible contamination) is avoided (Versieck 
and Cornelis, 1989).
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Trace element concentrations in blood serum, including iron, copper, zinc, selenium, 
cadmium and lead, have been widely studied for a number of different populations and 
disease states. Selected data has also been used to construct reference ranges, both for 
healthy and other specific populations (Versieck and Cornelis, 1989). Investigations 
relating to human fertility and infertility are far less common, with only limited and 
somewhat contradictory published literature available.
In relation to male fertility, Madding et al., (1986) found that mean blood serum zinc 
levels were significantly lower in infertile men (p < 0.05) compared to fertile men. 
Saaranen et ah, (1987) however, reported no significant difference in blood serum 
zinc concentrations between fertile and infertile men, but did find that blood serum 
selenium was significantly higher in infertile than fertile men (p < 0.001). No 
significant difference was reported between normozoospermic and non- 
normozoospermic men for either blood serum zinc or selenium.
In a study examining female fertility, Kiilholma et ah, (1986) observed no differences 
in iron, copper, zinc and selenium levels between IVF patients who were subsequently 
fertilized, non-fertilized or where no ovum was found. This was supported by 
Paszkowski et ah, (1995) who also reported an absence of statistically significant 
differences between blood serum selenium levels and different infertility states.
In contrast to this, Barrington et al., (1996) found a statistically significant decrease 
in blood serum selenium in women who miscarried in the first trimester compared 
with normal pregnant controls. Paszkowski et al., (1996) have also reported a 
statistically significant correlation between blood serum iron and follicular fluid iron 
levels (p < 0.001), concluding that low blood serum iron levels may lead to a reduced 
follicular iron pool which could result in impaired oogenesis.
1.3.3.3 Ovarian Follicular Fluid
Follicular fluid is the fluid inside the follicle which surrounds the oocyte during the 
final stages of development, prior to ovulation. It is important in ovarian physiology 
for steroid synthesis, growth of the follicle and maturation of the oocyte. It is also
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important during ovulation and in the transport of the oocyte to the oviduct. It is a 
mixture of secretion from the granulosa cells, which line the follicle, and compounds 
diffusing across the basement membrane of the follicle from blood plasma, including 
proteins (low to mid molecular weight), hormones, metabolites and toxins. The 
limited permeability of the follicle walls, and their molecular shape, restricts the entry 
of many blood plasma proteins such that their levels are only one third of those in 
blood plasma. Locally produced compounds in follicular fluid include steroid 
hormones, glycosaminoglycans, growth factors and various other mid-sized proteins 
(Edwards, 1974; McVeigh, 1996).
Follicular fluid is routinely collected during In-vitro Fertilization (IVF) treatment for 
infertility (see Section 1.2.4.3), The role of follicular fluid in ovarian physiology 
shows that it is potentially relevant to investigations of trace elements and fertility. 
The current picture is somewhat confused as only limited, and somewhat 
contradictory evidence is available on the concentrations of trace elements in this 
fluid.
Kiilhoima et ah, (1986) measured iron, copper, zinc and selenium concentrations in 
twenty-seven IVF patients, finding that elemental levels were lower than those found 
in blood serum for all of the elements. Another study measured copper and zinc from 
thirty-three follicles and found no connection between concentrations of these 
elements and oocyte status or maturity (Ng et ah, 1987). This finding was supported 
by Paszkowski et ah, (1996) who measured iron levels in follicular fluid from ninety- 
five patients.
Kiilhoima et ah, (1986) also found that no differences in elemental levels were 
observed between patients with different fertility problems. However, this finding was 
not confirmed by Paszkowski et ah, (1995) who showed that a significant decrease in 
selenium concentration was observed in female patients with unexplained fertility, 
relative to those with tubal infertility or whose partners were infertile.
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Another study showed that cadmium accumulation in the follicular fluid of women 
having IVF treatment was higher in smokers, highlighting a potential hazard to oocyte 
development from environmental factors (Zenzes et a l 1995).
1.3.3.4 Semen and Seminal Plasma
Semen is produced in the male upon ejaculation and is a mixture of components from 
various parts of the male reproductive system. In simple terms, semen consists of a 
suspension of spermatozoa in a fluid, the seminal plasma. The spermatozoa originate 
from the testis, but the seminal plasma is more complex and consists of secretions 
from epdidymides, vasa deferentia, ampullae, seminal vesicles, the prostate, the 
Cowper’s and the urethral glands. Seminal plasma is a transport medium for the 
spermatozoa, aiding their movement into the uterus while at the same time providing 
essential nutrients (Mann, 1964). In addition to this, seminal plasma has also been 
shown to influence a number of spermatozoon properties, such as, motility, viability 
and oxygen consumption (Eliasson et ah, 1978).
A number of studies have investigated trace elements in semen and seminal plasma, 
many with particular attention given to zinc. Stankovic and Mikac-Devic (1976), 
showed a positive correlation between zinc concentration and sperm activity, a finding 
confirmed by some authors (Skandhan et ah, 1978), but disputed by others (Wood 
et al., 1982; Pleban and Mei, 1983; Stanwell-Smith et al., 1983; Madding et ah, 
1986; Abou-Shakra et al, 1989). In relation to these findings, Xu et ah, (1993) 
reported a positive correlation between seminal plasma zinc concentrations and sperm 
density in normozoospermic men, but found no such correlation in oligozoospermic 
men. This was has also been reported by Madding et ah, (1986). Umeyama et ah, 
(1986) examined fourteen elements in fertile and infertile men with normozoospermic 
semen, including copper, zinc and cadmium and observed significantly higher levels of 
these elements in infertile men. Saaranen et ah, (1987) found significantly higher 
levels of seminal plasma lead in infertile men compared to fertile men, but found no 
difference for selenium. They also failed to find a difference between seminal plasma 
selenium and sperm density or motility. This was also reported for selenium by Roy et 
ah, (1990), and for cadmium by Keck et ah, (1995). Two other studies examining
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lead, one in blood serum, one in seminal plasma, failed to show a significant difference 
between normozoospermic and azoospermic men (Chia et a l 1992; Xu et al., 
1993). Another examined the concentrations of lead in the tissues of reproductive 
organs of men and concluded that the levels of lead were not sufficient to support 
their involvement in causing male infertility (Oldereid et al., (1993).
Finally, the zinc content of spermatozoa has been shown to have an inverse 
relationship with the zinc concentration of seminal plasma (Lindholmer and 
Eliasson, 1974). However, Oldereid et al., (1998), reported a positive correlation 
between seminal plasma selenium and selenium in spermatozoa.
1.4 Analytical Problems
Considerable problems are encountered when trying to achieve quantitative trace 
element measurements in biological tissues and fluids. The scale of these problems 
will be dependent upon the material, but they are primarily due to insufficient 
sensitivity and the risk of sample contamination during sampling, preparation and 
analysis (Iyengar, 1982; Cornells et al., 1993).
Every stage of the analytical sequence provides opportunities for contaminating the 
sample. This could arise from the environment, the analyst, the containers or 
collection devices (for example, the needles used to collect body fluids), the chemicals 
and the analytical instruments. To a certain extent, the scale of the contamination 
problem is dependent upon the elements which are to be studied. If contamination is 
from a specific source, then steps must be taken to eliminate the problem. An example 
of specific contamination is chromium from steel needles used in blood collection. 
Typical chromium levels from needles are such that they can completely mask the 
original chromium concentrations in the blood sample (Cornelis, 1991; Howard and 
Stathani, 1993; Ward, 1995).
Insufficient sensitivity becomes a problem with total elemental and speciation 
measurements of biological fluids, as samples are typically small (~ 0.5 to 2 ml). The
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elemental concentrations in these samples are also very small compared with the bulk 
of the sample; for example a protein molecule may have only a single atom of a trace 
element within its large structure. This can plunge elemental concentrations below the 
detection limits of even the most sensitive analytical instruments, making analysis 
impossible without some sort of preconcentration step (Cornells, 1991).
Other problems arise from the choice of sample matrix and the instrumental technique 
selected for malting the final trace element measurements. Most techniques require 
some form of sample preparation to be undertaken before a sample is suitable for 
analysis. This can range from a simple dilution step through to complicated digestion 
procedures where heat and various acids are used to break down the sample. Any 
such procedure has the potential to contaminate the sample or to bring about analyte 
losses. Special sample introduction techniques may also be required to make analysis 
of a particular element viable. For example, hydride generation can be used for 
selenium and other hydride forming elements to enhance sensitivity for analysis by 
atomic spectrometric techniques. Other instrumental problems can include 
spectroscopic and non-spectroscopic interferences. The high concentrations of sodium 
in blood serum, for example, can create problems for a number of different 
instrumental techniques, such as high background, suppression of ionisation and the 
formation of interfering polyatomic species (Evans and Giglio, 1993; Vandecasteele 
and Block, 1993; Ebdon et al., 1998)
1.5 Aims and Objectives of this Study
Existing evidence demonstrates that there are strong links between the concentrations 
of certain trace elements in various tissues and fluids and human fertility and 
infertility. The literature also shows an amount of contradictory evidence, and is very 
limited in certain areas, especially concerning trace elements in ovarian follicular fluid. 
The aim of this work is to further investigate the relationships between trace elements 
and human fertility, with particular attention given to patients undergoing In-vitro 
Fertilization treatment. By studying the trace element content of human scalp hair, 
blood serum, ovarian follicular fluid and seminal plasma it is hoped that a contribution
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can be made to the existing pool of knowledge used in the treatment of human
infertility.
The following specific objectives are:
(i) to develop analytical methods for the measurement of trace elements in human 
scalp hair, blood serum, follicular fluid and seminal plasma,
(ii) to validate developed methods for trace element analysis through the use of 
spike recoveries, certified reference materials and by inter-laboratory 
comparison studies,
(iii) to investigate the trace element content of scalp hair from populations which 
have undergone In-vitro Fertilization (IVF) treatment and compare them with 
non-IVF individuals,
(iv) to establish whether the status of trace elements (iron, copper, zinc, selenium, 
cadmium and lead) in blood serum can act as an indicator of levels in ovarian 
follicular fluid,
(v) to determine whether the trace element status of follicular fluid and blood 
serum varies between female IVF patients with tubal defects (controls) and 
those with unexplained infertility,
(vi) to establish whether IVF treatment affects the trace element status of follicular 
fluid and if this is linked to IVF success,
(vii) to investigate the relationship between the total elemental and speciation status 
of blood serum and follicular fluid,
(viii) to investigate the effect of dietary modification and environmental factor 
assessment (alcohol consumption and cigarette smoking) on the trace element 
status of IVF patients, as monitored by follicular fluid and blood serum total 
elemental analysis,
(ix) to investigate the trace element content of seminal plasma and examine how 
this relates to semen parameters, such as sperm density and motility.
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Chapter 2
Analytical Methodology
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2.0 Introduction
This chapter examines methods that have been used for the trace element analysis of 
human scalp hair, blood serum, follicular fluid and seminal plasma. An outline of the 
basic theory behind each method is given. The main analytical methods selected for 
use in this study are then described in greater detail, together with information relating 
to the specific instrumentation used. Analytical figures of merit are finally outlined, 
also with reference to the main analytical methods.
2.1 Literature Review
A review of the literature was undertaken to identify existing methods used for the 
determination of trace elements (iron, copper, zinc, selenium, cadmium and lead) in 
the human biological tissues and fluids of interest to this study; scalp hair, blood 
serum, ovarian follicular fluid and seminal plasma. Data is presented in Tables 2.1 to 
2.9 below, covering the methods of analysis, sample preparation details, study details, 
number of samples, analyte concentrations (mean ± standard deviation or range) and 
the literature reference. The literature search for scalp hair was limited to inductively 
coupled plasma mass spectrometry methodology due to the large number of 
publications detailing the trace element analysis of this material. All elements reported 
for human scalp hair were included in the search. Similarly, the literature search for 
blood was strictly limited to human blood serum and so did not include any references 
for human blood plasma (the reasons for not including blood plasma can be seen in 
Section 1.3.3.2).
The literature review was carried out using Analytical Abstracts and the Bath 
Information Data Service’s (BIDS) Science Citation Index. The Science Citation 
Index covers the years 1981 up to the current date (though it is about a month or 
more behind the most recent publications). Literature citations within relevant 
published papers were also checked for further useful sources of information. Where 
papers were published in languages other than English, the abstract was used to 
obtain any relevant information.
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2.2 Total Elemental Methods
The methods identified by the literature survey for the measurement of trace elements 
in the biological tissues and fluids of interest to this study will now be discussed. A 
brief description together with a summary of advantages and disadvantages for each 
method will be presented.
2.2.1 Classical Methods of Chemical Analysis
The quantitative determination of trace elements by traditional chemical methods can 
be divided into three basic types. Firstly, chemical reactions can be followed by 
measuring the amount of reagent used or the quantity of product produced. Several 
techniques fall into this category, including titrimetric analysis and gravimetric 
methods. Secondly, the optical properties of chemical species can be used, for 
example, in spectrophotometry and colorimetry. Finally, the concentration-dependent 
electrical properties of certain species in solution can be used. These techniques 
include voltammetry, coulometry, potentiometry and conductimetry (Vogel, 1989). 
Out of these classical chemical methods, colorimetry, spectrophotometry and 
voltammetry have found particular application in the analysis of trace elements in 
biological tissues and fluids.
2.2.1.1 Colorimetry
A number of colorimetric methods for trace element analysis in biological materials 
have been detailed in the literature (Mawson and Fischer, 1956; Song et al., 1976; 
Skandhan et al., 1978; Maldno et al., 1982; Homsher and Zak, 1985). These 
methods usually involve the use of a complexing agent which binds selectively to the 
metal of interest, forming a coloured complex. Selectivity is achieved through a 
careful choice of the binding ligand and/or removal of competing metal ions through 
masking reactions or manipulation of the pH. The visible electromagnetic spectrum of 
the resulting metal complex is then measured using a colorimeter or 
spectrophotometer. Light is absorbed at different wavelengths, corresponding to 
discrete electronic energy state transitions within the complex. This results in a 
spectrum of absorbance peaks for the complex. The magnitude of the peaks in such a
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spectrum are concentration dependent (Beer-Lambert Law - see Equations 2.1 and 
2.2). By comparison with a complexed standard solution, the unknown concentration 
of the metal ion can be determined (Vogel, 1989).
I =  I0.C Equation 2.1
Where: I0 is the intensity of the incident radiation of frequency v,
I is the intensity of the incident radiation after absorption, 
k is the absorption coefficient,
1 is the pathlength of the radiation, 
c is the concentration of the absorbing analyte.
For convenience, this equation is often re-arranged to give an expression in terms of 
absorbance, A:
A  =  Id c  Equation 2.2
2.2.1.2 Spectrophotometry
Spectrophotometry is virtually the same technique as colorimetry, but makes use of 
the ultra-violet and infra-red regions of the electromagnetic spectrum, as well as the 
visible. In this way, non-coloured complexes can be used for the selective removal of 
metal ions. Absorbance maxima are still observed for such complexes and can be 
useful if other coloured reagents are present. Several authors have applied this 
technique to the measurement of trace elements in biological materials (Mikac-Devic, 
1969a; Stankovic and Mikac-Devic, 1976; Aziz et al., 1981).
2.2.1.3 Fluorimetry
Molecular fluorescence occurs when electromagnetic radiation is absorbed by a 
molecule and is then re-emitted as radiation of a longer wavelength. The absorption of 
electromagnetic radiation by the molecule causes an electron to be promoted to a 
higher electronic energy level. This excited electron then returns to its ground energy
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state via a series of intermediate steps, losing some energy with each step (a direct 
return to the ground state is called emission rather than fluorescence). Fluorescence 
occurs as the remaining energy is emitted during the final step, when the excited 
electron returns to the ground electronic state. Fluorimetry relates the intensity of the 
fluorescence with the concentration of the fluorescing species, using an equation 
similar to the Beer-Lambert Law in spectrophotometry.
Fluorimetry can be used for the quantitative determination of compounds that; (i) 
naturally fluoresce, (ii) that can be made to fluoresce through derivatisation and (iii) 
that extinguish the fluorescence of other compounds (Guilbault, 1977). Fluorimetry 
is more sensitive than spectrophotometric techniques. Its main disadvantage is that its 
fluorescence depends on environmental factors such as temperature, pH and ionic 
strength. Fluorimetry has been used for the determination of selenium in blood serum 
(Brown and Watldnson, 1977; Lalonde et ah, 1982; Ihnat et al., 1986).
2.2.1.4 Potentiometric Stripping Voltammetry
Potentiometric stripping voltammetry is an electrochemical method of analysis. It 
involves two discrete steps. The analyte is first deposited either as an amalgam or as a 
mercury salt onto a stationary electrode (such as a hanging mercury drop electrode) 
by application of an electrical potential. The time taken for deposition depends upon 
the concentration of the analyte present. Deposition time and stirring rate need to be 
carefully controlled in order to obtain reproducible results. In the second step, the 
pre-concentrated analyte is stripped from the electrode back into solution. The 
concentration of the analyte can then be quantified since the magnitude of the 
stripping current is proportional to the concentration of the analyte (Versieck and 
Cornelis, 1989; Fernandez et aL, 1992), This technique has been applied to the 
determination of cadmium and lead in blood serum (Jagner et al., 1981).
2.2.2 Atomic Spectrometric Techniques
Atomic spectrometric methods have proved a popular alternative to the classical 
methods for trace element determination. This is mainly due to their greater
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sensitivity, speed of operation, accuracy and precision. The cost of this 
instrumentation can, however, be prohibitive to use. Atomic spectrometric techniques 
for the measurement of trace elements can be divided into three main categories; 
atomic absorption, emission and fluorescence.
2.2.2.1 Atomic Absorption Spectrometry (AAS)
When a liquid sample containing an analyte of interest is passed into a flame, a vapour 
of atoms results. If a light source, which is of frequency specific to the analyte, is 
shone through this vapour, atoms of the analyte will absorb the radiation and in doing 
so be elevated to a higher energy state (Vandecasteele and Block, 1993). The 
amount of electromagnetic radiation absorbed in this way is proportional to the 
number of atoms which undergo the change in energy (see also Section 2.2.1.1). 
Hence, the concentration of the analyte in the sample can be determined. Atomic 
absorption spectrometry makes use of these properties for quantitative trace element 
measurements. This technique has been applied to many elements in a range of 
different sample matrices, and has been widely used for the determination of trace 
elements in biological tissues and fluids (Dawson et al., 1968; Kelson and 
Shamberger, 1978; Weinstock and Uhlemann, 1981; Rocks et al., 1982; Brown 
and Taylor, 1984; Hudnik et al., 1984; Jepsen, 1984; Liska et a t, 1985a; 
Saaranen e ta l,  1987; Mansourian etah, 1994; Akyol et a l , 1997).
Other sample introduction and atomisation / ionisation methods have been developed 
for use with atomic absorption spectrometry. The replacement of the flame with an 
electrothermal atomiser (ET-AAS) or a graphite furnace (GF-AAS) has improved 
detection limits, and has found many applications in the analysis of biological tissues 
and fluids (Ross and Gonzalez, 1974; Levi et a t, 1981; Foote and Delves, 1982; 
Saeed and Thomassen, 1982; Welz et a t, 1984; Saaranen et a t, 1987; Morisi et 
a t, 1988; Jin et al., 1990; D’Haese et a t, 1992; Paszkowski et a t,  1995; 
Barrington et a t, 1996; Harrison et al., 1996; Burgin et a t,  1998). Hydride 
generation (HG-AAS) has also been used to improve measurements for hydride 
forming elements, such as selenium (Oster and Prellwitz, 1982; Welz et a t, 1988; 
Roy et al., 1990; Hao et a t,  1996; Navarro, 1996). ET-AAS and GF-AAS typically
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use smaller sample volumes than either FAAS or HG-AAS. Improved sensitivity is 
achieved through the use of temperature programming, which enables greater control 
of drying, ashing (matrix removal) and atomisation of a sample (particularly with GF- 
AAS). Matrix modifiers can be used to delay atomisation of volatile elements or to 
accelerate atomisation of others (Kirkbright and Sargent, 1975; Willard et al., 
1988; Ebdon et al., 1998).
2.2.2.1 Atomic Emission Spectrometry (AES)
Atomic emission occurs when an atom undergoes thermal excitation and then 
subsequently falls back to its ground state, emitting radiation of a particular 
frequency, specific to the atom and the energy level transition. Atomic emission 
spectrometry makes use of these energy lines and their intensities for quantitative 
elemental determinations (Vandecasteele and Block, 1993; Kellner et al., 1998).
Flames were originally used for thermal excitation of atoms in atomic emission 
spectrometry. This source is now mostly limited to the determination of easily ionised 
elements such as sodium and potassium in biological materials and has been largely 
replaced by plasma source atomic emission spectrometric methods, which provide 
much higher temperatures for sample ionisation (see Section 2.2.3.1) (Vandecasteele 
and Block, 1993; Ebdon et al., 1998; Kellner et al., 1998).
2.2.2.3 Atomic Fluorescence Spectrometry (AFS)
When atomic absorption occurs, analyte atoms are excited by absorbance of incident 
radiation from an external source specific to the analyte. The subsequent transition of 
the excited species to a lower energy level can give rise to the emission of a photon of 
a frequency specific to the analyte atom and the energy level change. This emission 
following absorption is termed atomic fluorescence. AFS has not been widely used for 
the determination of trace elements in biological tissues and fluids (Kirkbright and 
Sargent, 1975; Willard et al., 1988; Vandecasteele and Block, 1993).
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2.2.3 Plasma Source Techniques
The use of plasmas as an ionisation source was developed to provide an alternative to 
flames (Gray, 1974). They provide advantages over flames in that they are not as 
reactive and operate at much higher temperatures. Plasmas are highly ionised gases of 
neutral electric charge, comprising ions, electrons and neutral particles. They are 
created when an inert gas (usually argon) is energised, either using a direct current or 
electromagnetically by means of high frequency microwave or radiofrequency fields 
(Vandecasteeie and Block, 1993; Kellner et al., 1998). Several plasma source 
techniques have been developed, such as direct-current plasma mass spectrometry 
(DCP-AES) and microwave-induced plasma mass spectrometry (MIP-MS). The most 
commonly used methods are ICP-AES and ICP-MS, which make use of the 
inductively coupled plasma (ICP) (Ebdon et al., 1998).
2.2.3.1 Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
ICP-AES is a step-up from atomic emission spectrometry as it utilises an inductively 
coupled plasma for sample atomisation and subsequent ionisation, in place of the 
conventional flame. Significant improvements in sensitivity are observed with this 
technique, and multielement determinations are also made possible through the use of 
simultaneous or sequential spectrometers.
ICP-AES has been widely used in the determination of trace elements in biological 
tissues and fluids, both in its conventional form and coupled to other sample 
introduction instruments such as electrothermal volatilisation (ETV-ICP-AES), 
hydride generation (HG-ICP-AES) and flow injection (FI-ICP-AES) (Aziz et al., 
1981; Barnes, 1984; McLeod et al., 1984; Nixon et al., 1986; Umeyama et al., 
1986; Melton et a l, 1990; Recknagel et a l,  1993; Oldereid et al., 1998).
ICP-AES instrumentation is more expensive than AAS or AES, but is significantly 
cheaper than most ICP-MS instruments.
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2„2.3.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Inductively coupled plasma mass spectrometry (ICP-MS) is a coupled technique 
which combines the attractive features of plasma ionisation with a highly sensitive and 
selective detector. The inductively coupled plasma has sufficient energy to ionise most 
elements of the periodic table to singly charged ions, which can then be detected by 
the mass spectrometer. It is a simultaneous, multielement technique, and is linear over 
several orders of magnitude (Houk et al., 1980; Houk, 1986; Vandecasteele and 
Block, 1993). It has found increasing use in recent years for the analysis of trace 
elements in biological tissues and fluids (Abou-Shakra et al., 1989; Vanhoe et al. , 
1989; Park et al., 1990; Ward et al., 1990; Abou-Shakra and Ward, 1993; 
Vanhoe et al., 1994; Costa et al., 1995; Barany et al., 1997; Delves and 
Sieniawska, 1997; Sieniawska e ta l ,  1999).
Other atomic mass spectrometry techniques, such as thermal ionisation isotope 
dilution mass spectrometry (TI-IDMS), have been largely replaced by ICP-MS due to 
its versatility and relative ease of use. TI-EDMS requires complicated sample pre­
treatment, with a high risk of sample contamination (Manton and Cook 1984). The 
benefits of isotope dilution (see Section 2.4.1.6) can be better applied using ICP-MS 
which requires less complicated sample preparation (Vandecasteele and Block, 
1993)
In its standard set-up, ICP-MS has significantly better sensitivity than ICP-AES for 
most elements. ICP-MS also has the benefit of being able to measure individual 
isotopes, making isotope ratio and isotope dilution experiments possible. ICP-MS 
instrumentation is, however, much more expensive than ICP-AES, and for this reason 
ICP-AES still remains popular, particularly for routine trace element analysis.
As with AAS and ICP-AES, a number of specialised sample introduction techniques 
have been used with ICP-MS to further improve sensitivity and to reduce matrix 
effects and interferences. These include electrothermal volatilisation (ETV-ICP-MS), 
hydride generation (HG-ICP-MS) and flow injection (FI-ICP-MS) (Whittaker et a l, 
1989; Planitz and Hulmston, 1993; Quijano et a l, 1995; Rayman et al., 1996;
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Turner et al. 1999). High resolution ICP-MS has also been developed to overcome 
some of the inherent spectroscopic interferences (such as polyatomic species of 
argon) and to improve sensitivity (Moens et al., 1994; Riondato et al., 1997; 
Schramel and Wendler, 1998; Muniz et al., 1999).
ICP-MS is described in greater detail below (Section 2.4,1).
2.2.4 Neutron Activation Analysis (NAA)
The activation of atoms, using bombardment by subatomic particles, to produce a 
subsequent emission of radioactive species can be used in quantitative analysis. 
Measurement of the species emitted during the radioactive decay of the activated 
atoms in a sample (whether the decay is instantaneous or over time) enables the 
quantification of the number of atoms of an element in the sample, since the number 
of activated atoms and the number of atoms in the sample have a proportional 
relationship. This technique is called activation analysis (Willard et al., 1988; 
Alfassi, 1990)
Neutron activation analysis (NAA) is a common form of activation analysis which 
uses thermal neutrons in the high flux of a research reactor to activate the atoms in the 
sample. Gamma rays are usually measured in this type of analysis due to the large 
number of elements which produce gamma-emitting nuclides upon activation by 
neutrons. Gamma rays also have high penetration and it is possible to determine their 
energy with high resolution spectrometers, such as, HPGe and Ge(Li) detectors. NAA 
is a very accurate method of trace element determination for a number of different 
elements. It is an excellent reference technique, against which other instrumental 
methods of trace element analysis can be validated. Its main drawbacks are poor 
availability and very high installation and running costs. Operator safety is also an 
issue due to potential exposure to radiation.
Neutron activation analysis itself can be sub-divided into two main techniques; 
radiochemical instrumental neutron activation analysis (RNAA) and instrumental
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neutron activation analysis (INAA). INAA involves the direct measurement of 
samples without any sample pre-treatment or separations post irradiation. RNAA 
usually refers to neutron activation analysis that includes some form of chemical 
separation post irradiation, though pre-irradiation methods can also be used (see 
Section 2.3 for details of common separation and preconcentration methods). RNAA 
is used primarily to remove matrix components that would otherwise interfere with 
analyte measurements. High background counts from sodium can, for example, 
swamp the counts for particular radioisotopes (Ward and Ryan, 1979; 
Vandecasteele and Block, 1993).
Both INAA and RNAA have been widely used in the field of biological trace element 
research (Parr and Taylor, 1964; Versieck et al., 1974; McConnell et al., 1975; 
Versieck and Vanballenberghe, 1985; Ihnat et al., 1986; Van Renterghem and 
Cornelis, 1988; Lavi et al., 1989; Lavi and Alfassi, 1990; Kucera and Soukal, 
1993)
INAA is discussed in greater detail below in Section 2.4.2,
2.2.5 X-ray Techniques
X-ray techniques are based upon the measurement of X-ray photons that are released 
from an ionised element after it has been subjected to high energy radiation. The 
irradiation causes inner shell electrons to be ejected, resulting in an electronically 
excited ion. An electron in a higher energy shell rapidly moves to fill the vacancy left 
by the ejected electron and in doing so releases its excess energy as an X-ray photon. 
This is called X-ray fluorescence (XRF). The X-rays released in this way are 
characteristic of the electron transition and of the ionised element, giving rise to 
discrete energy lines for each individual element. In practice, X-ray fluorescence is 
only significant in elements with an atomic number greater than ten, due to a 
competing process which occurs in the excited ions; instead of an electron moving to 
fill the lower energy vacancy created by the ejection of the first electron, a second, 
high energy electron is ejected, giving rise to a doubly charged ion. The higher the
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atomic number, the more fluorescence is favoured over this ‘Auger electron’ process. 
The analytical techniques which make use of this phenomena are based upon different 
methods of sample irradiation (Valkovic, 1988; Vandecasteele and Block, 1993).
2.2.5.1 X-ray Fluorescence (XRF)
X-ray fluorescence (XRF) uses high energy photons to promote the ejection of 
electrons from the sample atoms. Photons are produced by means of an X-ray tube or 
synchrotron. This technique has been reported in the literature for the measurement of 
selenium in blood serum (Ihnat et al., 1986; Nagj et al., 1988).
2.2.5.2 Particle Induced X-ray Emission (PIXE)
Protons or alpha particles are used for sample irradiation. These heavy, charged 
particles act in the same way as the photons in XRF, and eject inner shell electrons 
from the sample atoms. Such particles are usually produced by means of a small 
particle accelerator or cyclotron. These sources are expensive and not readily 
available, and has limited the use of this technique. However, it has found application 
for the measurement of iron, copper and zinc in biological materials (Kiilhoima et al., 
1986), and has the potential for the measurement of selenium, cadmium and lead.
2.3 Separation Techniques for Trace Element Measurements
Separation techniques can be used to enhance the total trace element measurements 
made using other instrumental techniques, such as those described in Section 2.2 
above. They can, for example, be used to separate an analyte or analytes from a 
sample matrix so that undesirable or interfering matrix components are reduced in 
concentration or removed. They can also be used to pre-concentrate an analyte in 
order to make the levels of the analyte in a particular matrix measurable. This can be 
useful for less sensitive instrumental techniques, or where a large quantity of sample 
matrix is normally required to give a reasonable analyte concentration (Zolotov and 
Kuz’min, 1990; Howard and Statham, 1993).
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Trace element measurements can also be made directly using separation techniques. 
Ion chromatography (IC), for example, can be used to separate analytes from one 
another so that a non-specific detector can be used for their measurement. Trace 
element species can also be determined in this way (see Section 1.3.2), or IC can be 
coupled to an element specific detector such as a mass spectrometer (for example, by 
direct coupling to an ICP-MS instrument). Other separation techniques, such as high 
performance liquid chromatography (HPLC), gas chromatography (GC) and capillary 
electrophoresis (CE), can also be used for trace element speciation (Das et al., 1996). 
Trace element speciation is described further in Section 3.5.
Various separation techniques used in the determination of trace elements in 
biological tissues and fluids are described below.
2.3.1 Co-Precipitation
Co-precipitation can be used to remove trace inorganic constituents from aqueous 
sample matrices. It can also be a way of removing unwanted sample constituents. Co­
precipitation involves the precipitation of a material that then selectively removes the 
desired trace element such that both are removed from solution. Removal of the trace 
element is usually achieved via surface adsorption or through inclusion into the ionic 
structure of the precipitate. The main drawbacks with this technique are the risk of 
contamination from the precipitate and the high potential for analyte losses during its 
removal from the precipitate matrix (Zolotov and Kuz’min, 1990; Howard and 
Statham, 1993).
2.3.2 Solvent Extraction
Solvent extraction is used for pre-concentration and separation of trace elements from 
sample matrices. The trace element is chelated, usually in aqueous solution, with a 
suitable ligand which will then partition into a second (usually organic) solvent due to 
the formation of a non-polar complex. Multidentate ligands are often used for this 
purpose, such as diphenylthiocarbazone (dithizone) or 8-hydroxyquinoline. The 
choice of organic solvent and the pH of the aqueous phase can both affect the
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extraction process. Masking agents in the aqueous phase, such as 
ethylenediaminetetra-acetic acid (EDTA), can be used to improve the selectivity of an 
extraction process through the formation of water-soluble complexes that compete 
with the extracting agent. Ag+, for example, can be selectively extracted in the 
presence of Cu2r if the aqueous phase contains 0.1 mol l'1 EDTA at pH 3 (Zolotov 
and Kuz’min, 1990; Howard and Statham, 1993; Vandecasteele and Block, 
1993).
2.3.3 Solid Phase Techniques
Solid phase techniques can be used for separation and pre-concentration of trace 
elements. The basic technique involves an aqueous sample containing the analyte 
interacting with a solid stationary phase so that the analyte is retained on the 
stationaiy phase. The analyte can then be removed from the stationary phase using a 
suitable eluent. Two basic methods are used to achieve this; adsorption and ion- 
exchange. '
Adsorption methods generally involve the formation of a metal chelate in solution, 
followed by collection of the metal complex on an inert adsorbent (e.g. activated 
charcoal). The complex is then eluted from the solid adsorbent through the use of an 
organic solvent or dilute acid.
Ion-exchange uses solid materials that have charged functional or chelating surface 
groups immobilised on an inorganic or organic support. Such materials are used either 
for anion exchange or cation exchange, depending upon the surface groups. By 
passing a sample solution through an ion-exchange column, ions in the solution 
displace counter ions on the column and are retained. In cation exchange, for 
example, the ion-exchange column can be converted to its ‘hydrogen form’ by 
washing with acid. When a sample is passed through the column, the hydrogen 
counter-ions are displaced by cations in the solution. These cations can then be eluted 
using dilute acid. Ion-exchange can be used to remove analyte ions from a sample, or 
to remove unwanted ionic species such as Na+, depending upon the type of column
90
and pre-conditioning used (Zolotov and Kuz’min, 1990; Howard and Statham, 
1993).
2.3.4 Ion Chromatography (IC)
Ion chromatography uses the basic principles of ion-exchange to effect on-line 
chromatographic separation of anionic or cationic species. The basic IC system 
contains two columns, one for separation of the sample components and a second 
column (usually called a suppressor) to remove ions that are due to the background 
electrolyte, leaving only the species of analytical interest. These are then detected, 
usually by means of a conductivity detector. The suppressor column is continuously 
re-generated using a counter-flow of ions, i.e. hydroxide ions for a cation column 
(Braithwaite and Smith, 1985).
IC has been used by several groups in the literature for the determination of trace 
elements in biological fluids (Ong et al., 1988, Xu et al., 1993; Xu et al., 1994).
2.4 Major Analytical Methods Used in this Study
Of the methods outlined above, two in particular were used during this study to 
analyse biological tissues and fluids: ICP-MS and INAA. These methods are now 
described in greater depth.
2.4.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Since its introduction in the mid-1980’s, inductively coupled plasma mass 
spectrometry has been widely used for biological trace element analysis. In general the 
technique comprises the sample introduction system, the ion source (ICP), the 
interface and a quadrupole mass spectrometer (MS) with either a channel electron 
multiplier or a Faraday cup detector (see Figure 2.1). Each will be reviewed in the 
following sections.
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2.4.1.1 Sample Introduction
A wide range of sample introduction methods exist for use with ICP techniques. The 
choice of introduction method is determined largely by the sample type and the 
analyte(s) of interest, together with their concentration in the sample matrix.
Nebulizers
Liquid samples are most commonly used in ICP analyses. Liquids are aspirated by 
means of a peristaltic pump and are then converted into an aerosol by means of a 
nebulizer. The aerosol then passes through a cooled spray chamber, which removes 
large aerosol droplets and allows the remaining aerosol to continue into the injector. 
This process results in about 2% of the sample reaching the plasma. Nebulizers are 
available in a number of designs to allow for different matrix types and applications.
Figure 2.2: Common Pneumatic Nebulizers: (a) Meinhard, (b) V-groove
(after Ebdon et al., 1998)
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Pneumatic Nebulizers (PN)
Usually fairly simple in operation, this type of nebulizer uses a stream of argon to 
break up droplets of sample solution. The Meinhard or Concentric nebulizer is the 
most basic type, consisting of a fine capillary tube through which the liquid sample is 
passed (Figure 2.2 (a)). An argon flow meets this capillary at the tip of the device and 
forms the aerosol. Other types of pneumatic nebulizer include the cross-flow design, 
which has the sample and argon flows at right angles to one another, and the V- 
groove type (Figure 2.2.(b)), which lets droplets of sample flow down a V-shaped 
groove on the nebulizer tip, into a flow of argon in the centre. The Meinhard nebulizer 
is most suitable for clean solutions with low dissolved solid content, as too many 
particles can quickly block the capillary tube, whereas the V-groove nebulizer is more 
suited to higher dissolved solids content.
Direct Injection Nebulization (DIN)
This technique involves the introduction of microlitre samples directly into the plasma, 
using a special microconcentric pneumatic nebulizer. This removes the need for a 
spray chamber, and as a result, it is a very efficient means of sample introduction, with 
very low sample transport losses and reduced analyte memory effects. The low dead- 
volume of DIN also reduces peak broadening and sample introduction time. Its main 
drawbacks are that it is limited to very low flow rates and, like the Meinhard 
nebulizer, is easily blocked by particulates (Wiederin et al., 1991).
Ultrasonic Nebulizers (USN)
The ultrasonic nebulizer is a more complicated type of sample introduction device, 
which uses a high frequency (~1 MHz) vibrating plate to shatter the liquid sample into 
very fine droplets. The droplets are transported to the plasma in a stream of inert gas. 
This process is more efficient than that used for pneumatic nebulizers, and results in 
10 to 15% of the sample reaching the plasma. This volume of liquid can, however, 
result in plasma destabilisation so a desolvation process is used, consisting of an on­
line heater and condenser. Ultrasonic nebulizers can improve sensitivity compared to 
pneumatic nebulizers as the dry particles that reach the plasma have no cooling effect
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and so result in more energy being available for atomisation and ionisation of the 
sample. One significant drawback of ultrasonic nebulizers is that they have analyte 
memory problems, with long washout periods often needed between samples (Ebdon 
et a l 1998).
Flow Injection Analysis (FIA)
Flow injection analysis makes use of an autosampler to inject a known, reproducible 
volume of liquid sample into a continuous stream of liquid carrier, such as water or 
dilute acid. The liquid stream then passes through a pneumatic nebulizer or can be 
used together with other sample introduction systems such as hydride generation (see 
below). This technique is useful when only small samples are available as FIA systems 
typically require less than 400 pi of sample solution. FIA is also useful for samples 
with a high concentration of dissolved solids as the carrier stream prevents blockage 
of the nebulizer (Vandecasteele and Block, 1993; Kellner et al., 1998).
Hydride Generation (HG)
Hydride generation is a sample introduction technique which can be used to enhance 
the sensitivity of ICP-MS to certain specific elements and hence improve detection 
limits. Elements such as arsenic, germanium, selenium, antimony, tin, tellurium, lead 
and bismuth, which form acidic hydrides on reaction with sodium tetrahydroborate 
can be used in this way. Detection limits are enhanced due to the efficiency of the 
hydride generation process when compared to pneumatic nebulization. An example of 
hydride generation is shown for selenium in the following reaction:
3BH4‘ + 3H+ + 4H2Se03 -> 3H3B 03 + 4SeH2 + 3H20  Equation 2,3
It should be noted that the oxidation state of the element is important for a successful 
reaction; for example, selenium must be converted to its reduced Se(IV) form before 
the hydride reaction will proceed. The reduction step is often incorporated at the end 
of a sample digestion procedure (Welz et al., 1984; Rayman et al., 1996).
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In practice, the prepared sample solution is passed into a reaction cell in which sodium 
tetrahydroborate solution is mixed on-line with concentrated hydrochloric acid. The 
resulting hydride is then separated from the solution by means of a gas-liquid 
separator and swept into the ICP by a stream of argon gas. This technique not only 
enhances the signal, but also provides a means of removing species in the sample 
matrix that may have otherwise interfered with the analysis.
Electrothermal Vapourisation (ETV)
Similar to the use of graphite furnaces in atomic absorption, electrothermal 
vapourisation uses electrically heated graphite tubes to volatilise liquid samples. The 
volatilised sample is then swept into the plasma by a stream of argon. Advantages of 
this technique include improved transport efficiency relative to pneumatic 
nebulization, and also the potential for interference removal by careful programming 
of the heating process. Small sample sizes (< lOOp.1) are also an attractive feature of 
this method. The main disadvantage is the complexity and difficulty of use compared 
with other sample introduction methods (Vandecasteele and Block, 1993).
Laser Ablation (LA)
Laser ablation can be used for the direct sampling of solid samples. Laser pulses 
vapourise the sample and the vapour is swept into the ICP by a flow of inert gas. 
Advantages of this technique are that only small sample sizes are needed and that 
sample preparation can be avoided, thus removing the possibility of sample 
contamination from reagents and/or loss of sample during the preparation process. LA 
can also have specific uses, such as depth profiling. On the negative side, there are 
often problems with obtaining a representative sample, since only a small portion of 
the surface is vapourised. It also becomes difficult to calibrate for much the same 
reason, and problems are often encountered when trying to find a solid of known 
concentration that can be used as a calibrant (Durrani and Ward, 1994; Ebdon et 
al., 1998)
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2.4.1.2 Inductively Coupled Plasmas
Inductively coupled plasmas are generated through a series of stages. A magnetic field 
is first induced through a water-cooled copper coil. Seed electrons from a Tesla coil 
are then accelerated within the magnetic field and obtain sufficient energy to cause 
ionisation of the inert gas (usually argon). Further ionisation occurs through a domino 
effect of particle collisions and the plasma becomes self sustaining. The analytically 
useful region of the plasma is typically between 5000 and 6000 K, though 
temperatures can reach as high as 8000 to 10000 K in other parts of the plasma 
(Vandecasteele and Block, 1993; Ebdon et al., 1998)
ICP Torch
In order to control the plasma sufficiently for it to be useful for analytical 
measurements, a quartz torch is used. The torch is made up of several quartz tubes, 
fitted one inside the other Figure 2.3 shows a typical horizontally mounted ICP-MS 
torch (ICP-AES torches are mounted vertically). Three different flows of inert gas are 
used in the torch. The coolant flow is outermost and has a typical flow rate of around 
10.0 1 min'V The coolant prevents the plasma from coming into contact with the 
outer torch tube and, as its name suggests, also prevents overheating. The second gas
Magnetic field
Figure 2.3: Inductively Coupled Plasma Mass Spectrometry Torch (after
Ebdon et al., 1998)
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flow is the intermediate, which helps to control the distance of the plasma from the 
end of the injector. This helps to prevent carbon build up on the torch and protects the 
end of the injector. Intermediate gas flow rates range from about 0.4 to 1.0 1 min'1, 
depending upon the application and sample type. The nebulizer flow is innermost of 
the three inert gas flows. This flows through the injector and into the centre of the 
plasma. The nebulizer flow, typically around 1.0 1 min1, is used to convert the liquid 
sample into an aerosol and then carry the aerosol into the plasma (Ebdon et al.,
1998)
2.4.1.3 Sampling Interface
One of the most important features of any ICP-MS instrument is the interface 
between the plasma and the mass spectrometer. At first, these two environments 
appear to be totally incompatible, since the plasma is at high temperature and 
atmospheric pressure, whereas the mass spectrometer requires a more ambient 
temperature and a vacuum of < 10‘5 Pa for operation. The problem is overcome by the 
use of a series of cooled vacuum stages, which enable the ion beam to pass from the 
centre of the plasma and on into the ion optics of the mass spectrometer. The plasma 
is ‘sampled’ by means of a sampler cone, usually made of nickel, which has a small 
diameter (~ 1mm) orifice at its centre. The sampled ion beam then passes into the first 
vacuum stage where it is further reduced by a conical shaped nickel skimmer, again 
with a small diameter (~ 0.7 mm) hole at its centre. The ion beam finally proceeds 
onwards into the ion optics of the mass spectrometer (Vandecasteele and Block, 
1993)
2.4.1.4 Mass Spectrometer
A mass spectrometer is simply a device for separating ionic species, based upon their 
mass-to-charge ratio (m/z) and, at its most basic, consists of ion lenses and a 
quadrupole. The ion optics lie between the sampling interface and the quadrupole. In 
this region, the ion beam is steered and focused by charged plates such that the ion 
beam is presented to the quadrupole in optimum shape and position.
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A quadrupole consists of four parallel rods, arranged in a square. An electric field is 
generated inside this square, into which the ion beam passes. The electric field is such 
that it allows only species in a narrow m/z range through at a given setting. Variation 
of the field allows different m/z species through. By scanning through the field 
settings a mass spectrum is generated (Vandecasteele and Block, 1993; Ebdon et 
al., 1998).
A typical quadrupole has a resolution that gives peak widths of between 0.7 and 0.8 
mass units. This is sufficient for most purposes, but higher resolution is sometimes 
desired for certain applications, and specifically for the removal of polyatomic 
interferences or spectral overlaps. This can be achieved through the use of magnetic 
sector mass analysers or by means of a hexapole (Jakubowski and Stuewer, 1997; 
Vanhaecke and Moens, 1999).
2.4.1.S Detectors
The channel electron multiplier is the most widely used detector in ICP-MS. It 
consists of a curved hollow horn of glass, which is coated internally with a resistive 
material. A high voltage is applied to the detector which attracts ions into the wide 
end of the horn. When a positive ion strikes the inner resistive coating, an electron is 
ejected. The electron then accelerates down the horn to collide with the wall, resulting 
in another electron ejection. Further collisions produce further electrons, and so on, 
resulting in an electron cascade. The cascade serves to amplify the original collision, 
such that a large electron pulse is generated at the base of the horn. Electron 
multipliers are very sensitive detectors, but have a finite lifetime and have to be 
replaced periodically.
The Faraday cup is another potentially useful ICP-MS detector. It is less sensitive 
than the multiplier, but does not need to be replaced in the same way, as it is simply a 
metal plate across which ion currents are measured (Vandecasteele and Block, 1993; 
Ebdon et al., 1998).
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2.4.1.6 Interferences
ICP-MS has the potential to be used for measuring a very wide range of elements in 
the periodic table, virtually simultaneously and at concentrations over several orders 
of magnitude. In practice, there are a number of factors which complicate any 
analysis. A knowledge of these effects, and how to reduce or remove them, is an 
essential part of trace element analysis using this technique.
Non-Spectroscopic Interferences
Non-spectroscopic or matrix interferences are effects which can produce an increase 
or decrease in the analyte signal due to some function of the sample matrix. These 
effects can influence the uptake, nebulization, and ionisation of an analyte in a sample 
and so distort or mask the ‘true’ analyte signal. Matrix effects vary with sample type 
and will often be decreased or enhanced depending upon the method of sample 
preparation (Evans and Giglio, 1993).
A typical sample matrix may contain a number of different components which can be 
responsible for interferences of this type. Undissolved solid particles can partially or 
totally block the narrow-bore tubing used in sample aspiration. In addition there is the 
potential for obstructing the nebulizer itself, depending greatly upon the type of 
nebulizer being used (see Section 2.4.1.1 above). Similarly, the presence of high 
concentrations of easily ionised species can suppress the ionisation of analytes in the 
plasma. Suppression of this type is thought to work in two ways; firstly, by removing 
much of the energy available for ionisation, and secondly, by physically obstructing 
the analyte due to the large quantities of the competing ion present. A good example 
of this type of signal suppression is in the analysis of blood serum, which normally has 
a high concentration of sodium. (Evans and Giglio, 1993). However, the picture is 
far from clear as easily ionised elements have also been shown to enhance analyte 
signals for certain elements. It was suggested that this effect was caused by increased 
atom-electron collisions, making analyte ionisation more favourable (Beauchemin et 
al., 1987). Generally speaking, there are probably a whole range of competing and 
complementary processes taking place in the plasma, and the most dominant will 
depend upon the set-up of an individual instrument and the nature of the sample.
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Sample Separation and Pre-concentration
Chromatographic separation and/or preconcentration of analytes has been investigated 
by a number of authors as a means of overcoming the problems associated with the 
high salt content of biological samples (see also Section 2.3). For example, one such 
study makes use of a complexing agent (bis(carboxymethyl)dithiocarbamate) to allow 
selective adsorption of analytes onto a polystyrene-divinylbenzene resin under acidic 
conditions. Interfering matrix ions (such as sodium) are not complexed and pass 
through the column. The analyte complexes are then removed from the column under 
basic conditions (Plantz et al., 1989). A similar method uses gel-filtration to remove 
chloride from the sample solution (Lyon et al., 1988). These methods have been 
developed further by other authors, particularly for the on-line removal of 
interferences (Heithmar et al., 1990; Ebdon et al., 1993). Pre-concentration of 
analytes in this way can also be used to overcome problems of insufficient instrument 
sensitivity, particularly for trace and ultra-trace elements (Barnes, 1984; Porta et al., 
1989)
Carbon Effect
The carbon effect is a matrix-induced effect which is of particular relevance to the 
analysis of biological tissues and fluids by ICP-MS. A number of authors have 
reported signal enhancement for certain elements when an organic solvent (such as 
methanol, ethanol or butan-l-ol) is added to the sample matrix, primarily for elements 
with high first ionisation potentials (Evans and Ebdon, 1990; Allain et al., 1991; 
Larsen and Stump, 1994; Olivas et al., 1995; Churchman, 1997; Delves and 
Sieniawska, 1997). Enhancement of analyte signal by organic solvents is thought to 
be caused by several factors. Firstly, sample transport and nebulization is improved 
due to the change in viscosity and surface tension brought about by the addition of the 
solvent. Increased viscosity and reduced surface tension result in smaller droplets 
from the nebulizer and hence greater transport efficiency to the plasma (Evans and 
Giglio, 1993). Other effects of organic solvent addition are thought to occur in the 
plasma. Since carbon is more easily ionised than argon, the introduction of an organic 
solvent results in a large increase in C+ ions and also in carbon polyatomic species.
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The ionisation of analytes is enhanced due to the transfer of electrons to carbon ions 
(chemical ionisation), and particularly for elements which are only partly ionised due 
to their high ionisation potentials. A significant signal enhancement is therefore 
observed for elements such as selenium, arsenic and mercury, but is not observed for 
easily ionised elements or for elements with higher ionisation potentials than carbon 
(such as bromine). Analysis of elements such as selenium and arsenic are also 
improved due to a reduction in spectroscopic argon polyatomic interferences. This is 
due to the preferential formation of ArC+ species (Evans and Ebdon, 1990; Larsen 
and Stiirup, 1994; Olivas et al., 1995; Churchman, 1997).
Isotope Dilution
Isotope dilution is a method that can be used to overcome non-spectroscopic 
interferences. This technique, in combination with ICP-MS, enables the quantitative 
determination of element concentrations through the use of isotope ratios. Only 
elements with at least two isotopes that can be measured without spectral interference 
are suitable to be determined using this technique. The basic operation of the method 
involves spiking a sample with a known amount of the element in an isotopically 
enriched form. Spiking is undertaken prior to sample preparation. Measurement of the 
spiked sample, an unspiked sample and the spike, to determine their isotope ratios, 
enables quantification of the element in the sample. Signal suppression due to matrix 
interferences is overcome using this method since both isotopes will be affected in the 
same way. Quantification is independent of any losses during sample preparation 
(after equilibration of the sample and spike), and of any signal suppression or 
enhancement effects that may occur (Vandecasteele and Block, 1993).
Spectroscopic Interferences
Spectroscopic interferences in ICP-MS are due to an overlap of mass spectrum peaks 
with the same nominal mass-to-charge ratio and can be caused by isotopes of different 
elements, polyatomic species or doubly charged ions. These interferences are 
especially significant for elements at the lower mass end of the periodic table, where 
polyatomic species are most prevalent. Many interferences can be avoided by careful
102
selection of isotopes, or by a mathematical correction factor. Correction factors are 
usually calculated by measuring another isotope of the interfering element which does 
not have a spectroscopic interference. The contribution of the overlapping isotope to 
the analyte peak can then be calculated from the un-interfered isotope after correcting 
for differences in relative isotopic abundance. Careful use of calibration and reagent 
blanks can also help to eliminate problems caused by spectroscopic interferences.
Another approach to reduce spectroscopic interferences is to limit the formation of 
polyatomic species. Polyatomic and metal oxide forming species originate from the 
sample matrix (e.g. Cf ), the plasma gas (Ar) and from the surrounding atmospheric 
gases (e.g. N2 and 0 2) (Evans and Ebdon, 1990). It has already been shown how 
certain problematic species can be removed from the matrix using some type of 
separation process (see Sample Separation and Pre-concentration above), but other 
methods can also be employed to reduce the formation of polyatomic species 
originating from other sources. One such method is the introduction of molecular 
gases to the plasma. For example, the addition of <5% N2 into the argon plasma can 
result in certain argon polyatomic species (e.g. ArCf) being significantly reduced 
through the preferential formation of nitrogen species (e.g. N Cf) (Evans and 
Ebdon, 1990). This is similar to the carbon effect where organic solvents are used to 
promote competitive polyatomic species in the plasma (see Carbon Effect above).
Other solutions to polyatomic species formation are linked to the design of the 
instrument itself. For example, several studies have looked at the effect of the 
sampling interface on the formation of polyatomic species, and specifically the orifice 
diameter of sampler and skimmer cones, sampling position and ion lens voltages 
(Crain et al., 1988; Vaughan and Horlick, 1990). Another instrumental solution is 
to use high resolution ICP-MS (namely, a double focusing magnetic sector ICP-MS), 
which has the power to resolve analyte peaks from polyatomic peaks due to their 
slightly different mass-to-charge ratios. For example, Fe+ (m/z 55.935) can be 
resolved from ArO+ (m/z 55.957), something which is not possible using a quadrupole 
ICP-MS (Evans and Giglio, 1993). A number of papers in recent years have detailed 
the use of this technique for biological applications (Moens et al., 1994; Riondato et
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al., 1997, Muniz et al., 1999). Other recent instrumental developments have shown 
further solutions to the problems brought about by polyatomic interferences. One of 
the most important of these is the use of a hexapole collision cell, which has been used 
to react unwanted species with molecular gases after they have been extracted from 
the plasma and before they reach the quadrupole (Abou-Shakra, 1999).
Internal Standardisation
Internal standardisation is a method commonly employed during quantitative analysis 
to correct for variations within the instrument, such as heat factors, and can also be 
used to compensate for some of the problems caused by non-spectroscopic 
interferences. By adding the same concentration of an element to the blank, all 
samples and standards, the signal variation can be monitored and corrected for. 
Selection of a suitable internal standard is very important and there are a number of 
factors to consider when making such a choice. Firstly, the element should not be 
present in the sample matrix, or at least only be present at levels far lower than the 
internal standard concentration, as this would otherwise cause signal variations 
unrelated to the instrument. Secondly, the internal standard should have a mass as 
close as possible to that of the analyte to be measured. This is to reduce correction 
errors due to mass bias in the mass spectrometer. Finally, the internal standard should 
have an ionisation energy that is similar to that of the analyte. This reduces differences 
that could arise if one species was more favourably ionised in the plasma than the 
other. In practice, it is often difficult to find an ‘ideal’ internal standard, especially for 
correction at the low mass end of the spectrum. This is because most sample matrices 
contain many of the lower mass elements, and spectral interferences are also more 
predominant at this end of the mass spectrum (Thompson and Houk, 1987; Evans 
and Giglio, 1993)
In an investigation of matrix effects in ICP-MS, Vanhaecke et al., (1992), showed 
that the magnitude of matrix-induced signal suppression or enhancement was closely 
linked to mass number, but that matching of ionisation potential was only of 
secondary importance. They also found that close matching of internal standard and 
analyte mass number improved precision. They recommended that internal standards
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should be selected as close to the analyte mass number as possible and that for multi­
element determinations over a wide mass range, several internal standards should be 
used.
A different approach to internal standardisation is to make use of inherent polyatomic 
ions. Chen and Houk (1995) reported that polyatomic and metal oxide ions (such as 
14N2+ for 24Mg+, 35C1160 + for 5W '  and 40Ar16O+ for 59Co+) could be used as internal 
standards to correct for matrix interferences. The authors showed that such ions are 
suppressed in the same way as analyte ions in the presence of non-spectroscopic 
interferences. This approach avoids the addition of specific internal standard elements, 
and makes determination of these elements possible in the original samples.
2.4.2 Instrumental Neutron Activation Analysis (INAA)
2.4.2.1 Principles of Neutron Activation Analysis
The atomic activity induced by a nuclear reaction depends upon a number of factors, 
all of which have to be considered when undertaking a quantitative measurement 
(Willard et a l 1988):
® the flux or number of projectiles (neutrons cm"2 sec'1),
® the number of target nuclei,
® the cross-section (i.e. probability that a projectile will interact with a target 
nucleus),
• the irradiation time,
® the half-life of the radionuclide formed in the reaction,
® the type and energy of the radiation emitted,
® the efficiency of the detector used for measuring the emitted radiation.
Activity is calculated using the following equation:
A  =  Ao e  ^ °-693t 112) Equation 2.4
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where: t = irradiation time.
t | = half life of active nuclide.
Ao = initial activity after irradiation, given by the following equation:
Ao = OctN [ 1 - e (-0.693t / ti )] Equation 2.5
where: O = the number of bombarding particles or flux.
0  = the reaction cross section.
N = number of target nuclei.
The number of target nuclei available is given by:
N = w. Na - f  / M  Equation 2.6
where: w = weight of the parent nuclide.
Na= Avogadro’s constant.
/ =  fractional abundance of the target nuclide.
M = atomic weight of the nuclide.
Neutron activation analysis (NAA) is a common form of activation analysis which 
uses thermal neutrons in the high flux of a research reactor to activate the atoms in the 
sample. Gamma rays are usually measured in this type of analysis due to the large 
number of elements which produce gamma-emitting nuclides upon activation by 
neutrons. Gamma rays also have high penetration and it is possible to determine their 
energy with high resolution spectrometers. A typical reaction is shown below, 59Co 
reacting with a thermal neutron to give 60Co and gamma radiation:
59Co + *n -> 60Co + y also written as: 59Co ( n , y ) 60Co Equation 2.7
In quantitative determinations, a comparison is used between unknown samples and 
standards with known elemental content, both of which are irradiated under the same
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conditions and in the same position inside the reactor (Willard et al., 1988; 
Vandecasteele and Block, 1993).
2A.3.2 Nuclear Reactors - Production of Thermal Neutrons 
Neutrons are generated by nuclear fission in a reactor. Reactors of this type are 
usually fuelled with U. When a neutron is captured by U, the uranium splits into 
two nuclei of medium atomic number and also forms several more neutrons, setting 
up a chain reaction. Not all of the neutrons are used, however, and are available for 
other reactions. The neutrons produced by fission are called fast neutrons, and these 
lose their energy through collisions. On slowing down they are termed epi-thermal 
neutrons until they reach thermal equilibrium with their surroundings and are called 
thermal neutrons. Thermal neutrons are usually used in neutron activation analysis 
(Willard et al., 1988)
2.4.3.3 Detectors
Gamma ray detection is usually achieved through the use of a semiconductor detector 
such as a high purity germanium or lithium drifted germanium gamma ray 
spectrometer. When a gamma ray enters and interacts with such a detector, it can 
produce a high energy electron. This electron then loses its energy to its surroundings, 
causing a significant increase in conductivity due to electron promotion in the 
semiconductor. Such an increase produces a current pulse, which is proportional in 
magnitude to the energy absorbed from the gamma ray (Willard et al., 1988).
2 .5  Analytical Instrumentation Used for this Study
The various methods for the determination of trace elements in biological tissues and 
fluids have been discussed, with particular attention given to inductively coupled 
plasma mass spectrometry and instrumental neutron activation analysis. These 
methods will now be considered further, but with particular attention given to the 
actual instruments and conditions used.
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2.5.1 Finnigan MAT SOLA ICP-MS
A Finnigan MAT SOLA quadrupole ICP-MS with argon plasma (Finnigan MAT, 
Hemel Hempstead, UK) was used for most of the analyses in this study (see Figure 
2.1). Sample introduction was either by means of a conventional V-groove pneumatic 
nebulizer or a GBC HG-3000 continuous flow hydride generator, (GBC Scientific 
Equipment, Guildford, UK). The instrument was fitted with a water cooled Scott-type 
double-pass spray chamber and a Fassel-type torch. Two detectors were available for 
use with this instrument; a channel electron multiplier and a Faraday cup. Detector 
selection was made manually within the SOLA computer software. Analyte isotope 
signals of greater than two million counts per second were usually measured on the 
Faraday. Signals below two million counts per second were measured on the 
multiplier. If the peak intensity is too great, the multiplier detector trips to prevent it 
from being damaged. Tripping is undesirable during analysis of samples due to the 
loss of sample and analysis time. Analyte signals that were borderline between the two 
detector ranges were therefore measured using the Faraday cup detector (Finnigan 
MAT Ltd., 1993). Table 2.10 details instrument parameters that were used 
throughout this study.
Table 2.10: Finnigan MAT SOLA ICP-MS Parameters
ICP-MS Parameter Setting Used
Coolant argon flow to torch 151 min'1
Intermediate argon flow to torch 1 1 min'1
Spray chamber temperature 2°C
Peristaltic pump speed 15 rpm (~1 ml min'1)
2.5.2 Neutron Activation Analysis: Research Reactor BER II
The research reactor BER II at the Hahn-Meitner-Institut (HMI), Berlin was used for 
all neutron activation measurements in this study (see Figure 2.4). It is a “swimming 
pool” reactor in which the core (540 x 490 mm2 and 600 mm high) is suspended 8 m 
down in a pool of deionised water. The pool is contained within concrete walls which 
are lined with an aluminium alloy. Highly enriched uranium is used for reactor fuel, 
distributed over thirty fuel elements and six control elements. The reactor is equipped
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with nine neutron beam tubes, through which neutrons are conducted from the surface 
of the core to experiments located in the experimental hall. Irradiation experiments are 
also carried out in-core and in-pool (Gawlik and Robertson, 1992).
Thermal and fast neutrons are used in irradiation experiments at the BER II to 
produce reactions with the nuclei of the sample. These experiments fall into two main 
categories:
(i) the production of radionuclides for use as tracers or as sources of radiation,
(ii) the analytical detection of elements in a sample by means of radioactive 
reaction products. This includes neutron activation analysis, autoradiography 
and neutron depth profiling.
2.5.2.1 Irradiation Devices
A number of different devices are used for transporting samples to and from positions 
with predetermined neutron fluxes within the reactor. Sample masses can range from 
a few milligrams up to about 100 grams and irradiation time from a few seconds to 
several months. These devices are used for analysis of elements and the preparation of 
radioactive tracers. Two further types of device are used for experiments outside the 
reactor and are installed at the neutron guide tubes. These are used for neutron depth 
profiling and autoradiography of paintings (Gawlik and Robertson, 1992).
Irradiation Device with Rotating and Oscillating Sample Carrier (DBVK)
This device was used in the irradiation of the samples in this study (see Figure 2.5). 
The sample carrier can be loaded with up to nine sample containers, each of which 
will hold twenty-four sealed quartz ampoules (in two layers of twelve). The device 
and samples are cooled by reactor pool water which enters through slits in the wall of 
an enclosing guide tube.
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Figure 2.5: Irradiation Device with Rotating and Oscillating Sample Carrier 
(DBVK) in the BER II Reactor (Gawlik and Robertson, 1992)
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When in position inside the reactor, the sample support rotates and also oscillates 
vertically, so as to maintain a uniform neutron exposure from the reactor flux. For 
decay, samples are transferred to a magazine, capable of holding up to twenty sample 
containers at a time. The thermal neutron flux density at the irradiation position for 
this device is 2 x 1014 n cm"2 s'1 (Gawlik and Robertson, 1992).
2.S.2.2 Detector
Samples were measured in front of a high purity, well-type germanium detector, with 
coaxial geometry. The sample detector distance was approximately 6 cm and the 
detector had a relative efficiency of 30 % (Gawlik, 1998).
2.6 Analytical Figures of Merit
Analytical figures of merit can be used to measure the performance of an analytical 
method using a particular instrumental technique. The most important of these are 
described below and, where relevant, typical values for ICP-MS and INAA are given.
2.6.1 Accuracy
The accuracy of a value is the closeness of agreement between the ‘true’ value and the 
measured value (see Figure 2.6). Accuracy is affected by systematic errors; that is 
errors which cause all the results to be in error in the same way. In biological trace 
element analysis, such errors could be caused by; contamination from sample 
collection devices, the pipetting of solutions that have not been given time to reach 
room temperature and the incorrect storage and/or drying of certified reference 
materials prior to use. Accuracy is usually approximated using the arithmetic mean of 
a set of values, since the ‘true’ value may not be known (see also Appendix B) 
(Miller and Miller, 1993; Farrant, 1997). Certified reference materials are often 
used to evaluate the accuracy of an analytical method.
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Precision is a measure of the closeness of agreement between a set of values (see 
Figure 2.6) Precision is affected by random errors. These are errors which cause 
individual values to fall on both sides of the mean value. Examples relevant to 
biological trace element analysis could include heterogeneous sample matrices, 
contamination to, or analyte losses from, individual samples during sample 
preparation and dilution errors when using volumetric flasks. Standard deviation and 
relative standard deviation are usually used to approximate the precision of a set of 
values (see also Appendix B) (Miller and Miller, 1993; Farrant, 1997).
2.6.2 Precision
li?
Accurate and Precise
Precise, not Accurate
• •
Not Accurate or Precise
Figure 2.6: Accuracy and Precision in Analytical Measurements (after Farrant, 
1997)
2.6.3 Limit of Detection
Detection limits are related to the confidence which can be placed on distinguishing an 
analytical signal from a background signal. The limit of detection of an analytical 
method is the smallest concentration that can be reported as present in a sample with a 
specified level of confidence. In analytical chemistry this is usually defined as the mean
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of the background signal plus three standard deviations of the mean (Equation 2.8). 
The mean and standard deviation are usually calculated from ten replicate 
measurements of the blank (background) signal (Miller and Miller, 1993).
xL = xB + ksB Equation 2.8
where: xL is the smallest signal that can be reported at a particular level of confidence 
xB is the mean of at least ten blank measurements 
sB is the standard deviation of the blank measurements 
k is a number reflecting the confidence level (which is 3 in this case).
In practice, a set of standards also needs to be analysed in order to quantify the limit 
of detection calculated from the blank signal. Linear regression is used to calculate the 
slope and intercept of the calibration line. Concentration is then calculated using 
Equation 2.9.
m
where: DL is the limit of detection expressed as a concentration 
m is the gradient calculated using linear regression.
(xL and xB are the same as in Equation 2.8)
DL calculated in this way will only be a true reflection of the limit of detection if the 
intercept of the regression line is zero, or very close to zero. This is not always the 
case. Long and Winefordner, (1983) have recommended that in determining the 
limit of detection, the errors in the gradient and intercept should be included in the 
calculation. This takes into account the reliability of the blank and calibration standard 
measurements. Equation 2.10 can be used to do this.
DL = xL-XB Equation 2.9
DL = 3 [sB2 + sc2 + (c/m)2.sm2r Equation 2.10
m
where: sB is the standard deviation of the blank signal
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sc is the standard deviation of the intercept by linear regression
c is the intercept calculated by linear regression
m is the gradient calculated by linear regression
smis the standard deviation of the gradient by linear regression.
Detection limits for this study (see Section 3.3.2.S, 3.3.3.S and 3.3.4.S) were 
calculated using Equation 3.10. ICP-MS detection limits are typically in the range of 
<0.001-10 pg I'1. INAA can achieve detection limits in the ng leg'1 range under 
favourable conditions, but this varies considerably from element to element 
(Vandecasteele and Block, 1993).
2.6.4 Linear Dynamic Range
The linear dynamic range of an instrumental technique is the concentration range over 
which the instrument response remains linear. This can be important when making 
multi-elemental measurements in which the various analytes in a sample may be 
present at very different concentrations.
The Finnigan MAT SOLA ICP-MS has a linear dynamic range of ten orders of 
magnitude (Ix l0°-lx l010) due to its two detectors (see Section 2.5.1), The channel 
electron multiplier alone has a linear dynamic range of around six orders of 
magnitude, when used in pulse counting mode, and the (less sensitive) Faraday cup 
adds another four to this (Finnigan MAT Ltd., 1993; Ebdon et al., 1998).
2.7 Summary
A review of the published literature showed the use of a wide range of different 
methods for the preparation and analysis of human scalp hair, blood serum, ovarian 
follicular fluid and seminal plasma.
The literature search for scalp hair was limited to ICP-MS methodology. A number of 
authors reported the determination of a large range of elements (forty-three in one 
case), but many of these studies gave no details of certified reference material
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analysis. Details of sample preparation methods were generally more comprehensive, 
often including sample collection, homogenisation, washing and digestion procedures.
The analysis of human blood serum for iron, copper, zinc, selenium, cadmium and 
lead was found to have been extensively investigated, both for certified reference 
materials and for applied studies. Methods used range from colorimetric and 
spectrophotometric methods through to activation analysis and inductively coupled 
plasma techniques.
Only a few publications reported the trace element analysis of ovarian follicular fluid. 
Most of these gave very limited details of the analytical methodology and sample 
preparation, and nearly all used flame or graphite furnace atomic absorption 
spectrometry. No papers reported the use of certified reference materials.
Seminal plasma methods were found predominantly for zinc, possibly due to the 
normally high zinc concentration levels present in this fluid, making it easier to 
analyse. Many studies also concentrated on the toxic elements cadmium and lead. 
Method details were generally good and were widely applied to the analysis of 
samples from populations of men with different fertility states and semen parameters. 
No papers reported the use of certified reference materials.
The analytical methods found by the literature search were then briefly described, 
together with an outline of their strengths and weaknesses. The two major analytical 
methods used in this study, inductively coupled plasma mass spectrometry (ICP-MS) 
and instrumental neutron activation analysis (INAA), were described in greater depth. 
This section ended with details of the specific instrumentation used.
Analytical figures of merit were then discussed, with particular attention given to 
accuracy, precision, limit of detection and linear dynamic range. Typical values for 
ICP-MS and INAA were included in this.
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The next chapter (Chapter 3), deals with the development and validation of specific 
methods for the preparation and analysis of human scalp hair, blood serum, follicular 
fluid and seminal plasma.
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Chapter 3
Method Development and Quality Control
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3.0 Introduction
The aim of this chapter is to detail the development and validation of methods for the 
trace element analysis of human scalp hair, blood serum, ovarian follicular fluid and 
seminal plasma by ICP-MS. In order to achieve this, each step of the analytical 
process will be considered, from sample collection and storage, through to sample 
preparation and instrumental analysis. Quality control is an essential part of this 
process. Validation of developed methods has been carried out through the use of 
certified reference materials and by making measurements with other instrumental 
techniques via interlaboratory comparison studies.
3.1 Sample Collection and Storage
Sample collection and storage are the first stages of the analytical process and can 
have a large impact on the subsequent analytical steps (Ward, 1995). An ideal 
collection procedure will ensure that a good, representative sample is taken, with 
contamination and sample disruption kept to a minimum. Storage of the sample before 
analysis should then preserve the sample so that analyte concentration changes are 
kept to a minimum. Failure to meet these requirements can bias the analysis, mask 
true analyte concentrations and ultimately lead to the wrong conclusions being drawn 
from the results (Behne, 1981; Iyengar, 1982).
Contamination can occur at all stages of an analysis and be from many different 
sources. During sample collection, however, there are often specific contamination 
problems which need to be addressed (Cornelis, 1991). Where biological samples are 
concerned, contamination risk is also two-way; the analyst must guard against 
contaminating the sample, while at the same time ensuring that he/she does not come 
into contact with potentially infectious material (Thompson, 1994).
The way in which a sample is stored can be extremely important in terms of 
preserving the sample, reducing analyte loss and avoiding external contamination 
(Ward, 1995). Chemical, physical and biological factors can all play an important role 
in influencing the stability of a sample. The relative importance of these factors will
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depend to a large extent on the matrix and the analytes of interest (Howard and 
Statham, 1993).
The stability of a stored solution is strongly dependent upon its chemical environment. 
Metal ions in solution will normally be in equilibrium with the surface of the container, 
so for storage purposes, the aim must be to maximise the proportion of analyte in 
solution. The effect of pH is important, since the loss of metal ions from solution will 
occur more readily at high pH where insoluble species tend to be formed. Typically 
this process is due to the hydrolysis of metal ions (Equation 3.1) around and above 
pH 7.
Mn+ + nH20  M(OH)n + nH* Equation 3.1
Interactions with the container surface will also be pH dependant. Surfaces, such as 
glass, are excellent ion-exchangers, but such effects can be minimised by acidification 
of the sample solution. This protonates the glass surface, releasing metal ions back 
into solution, and reduces the occurrence of hydrolysis reactions. Chelating agents, 
such as EDTA, can also be employed to keep metal ions in solution (Howard and 
Statham, 1993).
Leaching of materials into and out of containers by permeation can also influence the 
stability of a sample. This can be particularly problematic for speciation studies where, 
for example, oxygen leaching in from outside the container can result in a chemical 
species change. Loss of material through permeation, such as the loss of water during 
long term storage, or through the loss of volatile components, can lead to trace 
element concentration changes within the solution.
Certain biological factors can also affect sample stability. Sample degradation can 
occur through the action of bacteria or algae. This can result in pH and chemical 
species changes and losses of trace components from solution. These processes can be 
reduced through freezing or acidification of the sample. Chemical addition (for 
example azides, mercury salts or antibiotics) can also be used to limit biological
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activity, but poses an additional risk of sample contamination. Other problems can be 
brought about through the rupture of cell membranes, or the continued activity of 
enzymes within the sample. Ruptured cells can often result from the preservation 
process itself, for example through freezing and thawing. These ruptured cells can 
provide additional sites for metal ion absorption (Howard and Statham, 1993).
Selection of suitable containers for sample storage therefore needs careful 
consideration. Different sample container materials will be more appropriate for some 
applications than others, due to specific contamination problems or surface 
interactions. Size and shape should also be taken into account; for example, if freezing 
a sample, enough space should be available for the sample to expand. Coloured 
containers can also be a source of metal ion contamination (Versieck and Cornells, 
1989)
Cleaning of containers is also very important. Even new containers should not be 
considered clean enough for trace metal analysis as they often contain traces of grease 
or other chemicals used in the manufacturing process. All containers should therefore 
be cleaned to remove such contaminants. A typical cleaning process for new 
containers would involve the use of a detergent to remove any grease, followed by 
washes with pure water to remove the detergent (which could itself be a source of 
contamination). The container would then be stored for at least twenty-four hours in 
acid (typically 5% v/v nitric acid or hydrochloric acid) and rinsed several times with 
ultrapure water (<18 MQ purity) before use (Howard and Statham, 1993).
3,1.1 Collection and Storage of Samples Used in this Study
The previous section has discussed the general factors which are important for sample 
collection and for maintaining sample stability during storage. These will now be 
considered in the context of the matrices used in this study.
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3.1.1.1 Scalp Hair
Human scalp hair is extremely heterogeneous, and as such requires careful sampling if 
any meaningful results are to be achieved. Scalp hair is also exposed to the 
environment and, potentially, to all manner of shampoos, treatments and dyes which 
may affect its trace element content (Chatt, 1984; Chatt and Katz, 1988; Le Blanc 
etah , 1999). See also Section 1.3.3.1,
Many commercial laboratories issue standard instructions to their clients for taking 
hair samples. One such laboratory gives the following instructions (Smith, 1998):
“Hair should be collected from 8 to 10 places on the back o f the head. The multiple 
collection is made in this area to increase hair sample consistency and to obtain a 
sample as closely representative o f tissue as possible. The longer hair in this area o f 
the scalp can often cover the collection sites.
The specimen should be taken with stainless steel scissors wiped with a cloth 
dampened with water (some disinfectants contain contaminants). There is seldom 
contamination from the metal in the scissors, but, when there is, the contamination is 
obvious. The element metals (iron, nickel, chromium, zinc, etc.) are often hundreds 
to thousands o f times the normal reported hair levels. Do not use electric clippers as 
they often contaminate the sample.
After cutting the hair close to the scalp, cut o ff all hair that was beyond 2cm 
from  the scalp and discard, unless there is some reason fo r historical study. In the 
event that an individual has very short hair, thinning shears can be used to obtain a 
specimen close to the scalp without causing bald spots. ”
The reasons for many of these recommendations becomes clear when considering a 
number of reported studies in the scientific literature. Various studies have examined 
hair samples taken from different locations on the scalp of the same person (Cornelis, 
1973; Seta et ah, 1982; Varier et ah, 1983). In one of these, trace element analysis 
of these samples gave standard deviations between 50 and 76%, illustrating the wide 
variations present and the need for samples to be taken from several different 
locations and pooled together before analysis (Cornelis, 1973). The other studies
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came to similar conclusions (Seta et al., 1982; Varier et al., 1983). Studies on hair 
length have shown that hair can accumulate trace elements from the environment. 
Contamination was found to be greatest for hair that was furthest from the scalp, due 
to the greater duration of exposure. For this reason many studies have recommended 
that hair samples should only be taken from recently grown hair at 1-2 cm from the 
scalp (Hambidge, 1973; Kopito and Shwachman, 1975; Valkovic et al., 1975; 
Chatt and Katz, 1988).
In light of these findings and recommendations, scalp hair samples for use in this study 
were collected using stainless steel scissors, from several places at the nape of the 
neck, as detailed above. The hair was stored in clean sealed plastic bags 
(approximately 6 cm x 9 cm) and the labelled bags themselves were stored in a dry 
cupboard until required for analysis.
3.1.1.2 Blood Serum
Collection of blood samples is usually achieved by means of an intravenous cannula 
(usually made of polypropylene) or a needle (stainless steel) together with a syringe or 
blood collection tube. A number of factors may contribute towards sample 
contamination or analyte loss during blood collection which can later influence the 
results of trace element analysis. Body position, duration and strength of tourniquet 
compression, sample source (venous, arterial or capillary), technique of venipuncture, 
needle material and collection tube material can all have an effect on the trace element 
content of the sample (Schmitt, 1987; Ward, 1993; Cornells et al., 1996). The 
relative importance of these factors will depend to a large extent on which trace 
elements are to be analysed. For example, use of stainless steel needles introduces 
considerable sample contamination for chromium, nickel, manganese, aluminium and 
molybdenum, but is less significant for copper, selenium and zinc (Versieck et al., 
1982; Versieck, 1983; Schmitt, 1987; Versieck and Cornelis, 1989; Cornelis, 
1991; Ward 1993)
Once blood has been collected it can be stored whole, or it can be separated into its 
component fractions. The suspended cells in whole blood can be separated from the
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fluid by centrifugation to give blood plasma, or whole blood and blood plasma can be 
allowed to clot to give blood serum. Clotting occurs in both whole blood and plasma 
after about 5 to 15 minutes at room temperature. Clotting can be prevented or 
delayed by the addition of chemical anti-coagulants such as heparin, potassium 
oxalate, sodium citrate or sodium ethylenediamine tetracetate (Versieck and 
Cornelis, 1989). Blood serum can be decanted or pipetted to remove it from the clot, 
or can be separated by centrifugation. Blood serum is usually preferred over plasma 
for trace element studies as this avoids the addition of any chemical anti-coagulants. 
Such anti-coagulants have been shown to contain significant levels of certain trace 
elements (Iyengar, 1982; Versieck and Cornelis, 1989; Cornelis eta l., 1996).
Blood samples used in this study were obtained by venous puncture with an IV 
cannula (Venflon Ohmeda, Sweden). Samples were then placed in glass bottles (LIP 
Equipment and Services Ltd., UK) and centrifuged at 3000 rpm for 10 minutes. 
Blood serum samples were then transferred to 15 ml ‘metal free’ polypropylene tubes 
(Elkay Laboratory Products (UK) Ltd., Basingstoke) and deep frozen at -70°C. 
Frozen samples were later transferred to the ICP-MS Facility for analysis, and stored 
at -20°C (Zervakakou-Matar et al., 1998; Lavery, 1999).
3.1.1.3 Follicular Fluid
Follicular fluid is collected by aspiration of ovarian follicles during the course of an 
egg collection for in-vitro fertilisation (see Section 1.2.4.3), Collection is usually 
achieved using a long (~ 300 mm) stainless steel needle and the fluid is aspirated from 
the follicle using a flushing medium (Zervakakou-Matar et al., 1998).
For the analysis of follicular fluid (and blood serum), it is essential that haemolysis 
(the rupture of red blood cells, for example through osmotic shock) and/or blood 
contamination is avoided during collection. Several methods can be employed to 
check for haemolysis including visual inspection, spectrophotometric analysis, 
hematocrit and haemoglobin assays (Huyser et al., 1992; Cornelis et al., 1996; 
Levay et al., 1997). A comparison of these methods in the literature showed that 
visual inspection was the most reliable method for detecting blood in follicular fluid
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and it was suggested that a combination of visual inspection and spectrophotometric 
analysis would give the best results for the routine selection of blood-free fluids 
(Levay et al., 1997).
Spectrophotometric analysis of uncontaminated follicular fluid was reported to show a 
single mean absorbance at a wavelength of 458.0 nm. Fluid contaminated with blood 
showed three haemoglobin peaks at 418.1, 540.1 and 575.3 nm and fluid 
contaminated with flushing medium showed a further peak at 561.4 nm (Huyser et 
al., 1992).
Spectrophotometric analysis was investigated for several follicular fluid samples and 
also for Earle’s Flushing Medium (EFM). One follicular fluid sample was selected by 
visual inspection as being ‘uncontaminated’ and another as ‘contaminated’ with blood. 
Scans were made for 1 ml samples between 400 and 600 nm. The peaks reported in 
the literature were observed as expected in the two fluid samples and the flushing 
medium. This confirmed the usefulness of spectrophotometric analysis, but also 
demonstrated the relative ease of selecting fluids by visual inspection. Visual 
inspection of fluids contaminated with flushing medium was also found to be possible 
due to the distinctive red colour of the EFM. The main drawback of the 
spectrophotometric method was the sample volume required. 1ml removed from a 
sample which was, in many cases, little more than 1ml in the first place was clearly 
unacceptable, especially as a minimum of 0.5ml was required for the ICP-MS analysis. 
Visual inspection alone was therefore used as a haemolysis check for all follicular fluid 
(and blood serum) samples used in method development and in the subsequent clinical 
studies. Samples suspected of haemolysis, blood contamination, or contamination 
with flushing medium (for follicular fluid) were discarded.
Follicular fluid samples used in this study were collected using a double lumen oocyte 
collection needle (Casmed, UK). Follicular fluid for trace element analysis was taken 
from the first aspirate and as such should be free from contamination by blood or 
flushing medium. Earle’s Flushing Medium (EFM) was used. EFM contained Hepes 
buffer (Hepes powder and sodium hydroxide in water), sodium bicarbonate, penicillin,
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streptomycin and water. Samples were then placed in glass bottles (LIP Equipment 
and Services Ltd., UK) and centrifuged at 3000 rpm for 10 minutes. Blood serum 
samples were then transferred to 15 ml ‘metal free’ polypropylene tubes (Elkay 
Laboratory Products (UK) Ltd., Basingstoke) and deep frozen at -70°C. Frozen 
samples were later transferred to the ICP-MS Facility for analysis, and stored at -20°C 
(Zervakaltou-Matar et ah, 1998; Lavery, 1999; Zervakakou-Matar, 1999).
3.1.1.4 Semen and Seminal Plasma
Semen samples used in this study were collected using the following guidelines 
(Lavery, 1999):
“Men are advised to avoid ejacidation fo r between two and three days prior to the 
semen collection. They are advised to wash their hands with soap and plenty o f warm 
water. The penis should be washed with water only. The sample is produced through 
masturbation into a polyethylene specimen container (Becton-Dickinson, NJ, USA). ”
Semen samples collected in this way were then deep frozen at -70°C. Seminal plasma 
was separated from the sperm by centrifugation at 13000 rpm after defrosting and 
shortly before analysis.
3.2 Development of Sample Preparation Methods
Once a sample has been collected and stored properly, the next stage to consider is 
the preparation of the sample for analysis. Sample preparation methods, and the 
extent to which they are used, depend upon the type of material, the analytes of 
interest, the matrix and on the final instrumental method to be used for the analysis. 
Some samples may require no preparation at all, yet others may require lengthy 
dissolution steps and specialised sample introduction techniques to achieve the final 
result (Taylor, 1988; Iyengar, 1989; Subramanian, 1996).
The preparation procedures for materials used in this study therefore need to be 
carefully considered. Each step in the sample preparation has to be looked at in detail,
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with alternatives explored and evaluated. This ensured that the best method was 
developed for the analysis of the elements of interest by ICP-MS, the instrumental 
method of choice.
3„2.1 Overview of Existing Sample Preparation Methods
A number of methods exist for the preparation of biological tissues and fluids. For 
solid samples, the purpose of the preparation method is to convert the solid into a 
solution that is suitable for analysis. This is usually achieved by breaking up the bulk 
of the predominantly organic matrix through the action of chemicals and/or heat. 
Most biological fluids contain large amounts of protein and as such also require a 
certain amount of sample preparation. This usually involves some means of destroying 
the proteins, or of removing the effect they may have on the subsequent analysis 
(Subramanian, 1996).
3.2.1.1 Dilution
Dilution of biological fluids is used to remove the problematic effects of the proteins 
in the matrix. These effects include blockage of sample introduction tubing, viscosity 
problems and excessive carbon build-up on the sampler and skimmer cones (see 
Section 2.4.1.3). Dilution is also used to reduce the concentration of other major 
matrix components such as sodium, which could otherwise cause signal suppression 
during analysis. Dilution is usually achieved through the use of a suitable solvent, such 
as water, dilute detergent or an organic solvent (Taylor, 1988; Sieniawska et al., 
1999)
3.2.1.2 Dry Ashing
This technique involves heating solid samples in a muffle furnace to high temperatures 
(usually up to 500 °C) such that the bulk of the organic matrix (C, O, N) is removed 
from the sample, leaving behind a predominantly inorganic ash. The ash is then 
dissolved in a suitable acid and diluted for analysis. The advantage of this technique is 
that no reagents are added to the sample, which reduces potential contamination. The
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main disadvantages are that volatile elements are easily lost from the sample due to 
the high temperatures used, and retention onto the container walls is also likely 
(Taylor, 1988)
3.2.1.3 Digestion
Digestion methods for biological tissues and fluids are used to destroy the organic 
material in a matrix, such as fats and proteins, thereby freeing the inorganic 
components of the matrix into the solution. Several different methods can been used 
for this purpose.
Wet Digestion
Wet digestion uses heat and chemicals (usually acids, but bases, such as tertiary 
amines, can also be used) to break down the structure of the matrix and solubilise the 
inorganic components. Although reagents are added, bringing with them the potential 
for sample contamination, the loss of volatile elements is less likely using this method 
due to the lower temperatures. It also enables the digestion of samples that would be 
resistant to dry ashing. By use of different acids, or combinations of acids and 
temperatures, it is possible to dissolve most samples in this way (Howard and 
Statham, 1993).
Various modifications have been made to the basic wet digestion process in order to 
improve sample dissolution and reduce the loss of volatile analytes. Sealed digestion 
vessels or ‘bombs’, for example, have been used to contain the acid digestion. Once 
digestion begins, the pressure inside the ‘bomb’ increases, accelerating the reaction. 
This method ensures rapid digestion at low temperatures and also avoids analyte loss. 
The main disadvantages are the cost of the bombs and the limited number of samples 
which can be digested at once (Barnes, 1984; Taylor, 1988; Kucera and Soukal, 
1993).
Microwave digestion also makes use of sealed digestion vessels to control the acid 
digestion, but takes things a step further by heating the reaction with microwaves.
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Careful control of temperature and pressure can be achieved, resulting in a rapid and 
versatile method for the digestion of biological tissues and fluids. The cost of the 
equipment is the main disadvantage of this method (Abu-Samra et al., 1975; 
Kingston and Jassie, 1986; Van Wyck et al., 1988).
Enzymatic Digestion
Enzymatic digestion makes use of natural enzymes, such as pronase, to break the 
proteins in the sample into their amino acid components (Abou-Shakra et al., 1997). 
This technique avoids the use of concentrated acids and is similar to using the simple 
dilution method. It is a relatively new technique and has not been widely used.
3.2.2 Preparation of Scalp Hair
A number of steps need to be taken before a hair sample is ready for trace element 
analysis. The hair first has to be homogenised in order to give a representative sample, 
and then washed to remove any exogenous contamination. As ICP-MS is to be used, 
it is then necessary to use a dissolution procedure in order to solubilise the inorganic 
components of the hair.
3.2.2.1 ICP-MS Parameters for Scalp Hair Analysis
Due to the wide range of elements to be measured, the Finnigan MAT SOLA ICP-MS 
parameters were optimised as follows for U5In, the internal standard (see below):
Forward Rf power: 1.4 lcW
Nebuliser gas flow rate: 0.90 1 min'1
Isotope Selection
All isotopes for the elements being studied were checked for potential interferences 
and spectral overlap which could cause problems with the analysis (see Appendix A,
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Table Al). The most abundant, but least interfered with isotopes for each element 
were then selected.
An investigation was carried out to determine, for each selected isotope, whether it 
would be measured by the Faraday cup or the multiplier detector (see Section 2.5.1), 
Peak intensities were recorded for the elements in the most concentrated of the 
multielement scalp hair standards. Based on this experiment, the following detector 
allocations were made:
Faraday: 27A1,63Cu, 65Cu, 66Zn, 68Zn.
Multiplier: 51V, 53Cr, 54Fe, 55Mn, 59Co, 60Ni, 82Se, 98Mo, 112Cd, 206Pb, 207Pb, 208Pb.
Internal Standardisation
Indium was selected as an internal standard for use in the ICP-MS analysis of scalp 
hair. Due to the wide range of elements being measured in scalp hair, this was 
considered most suitable due to its mid-range position on the mass spectrum. During 
the investigations, all samples and standards were spiked with indium (50 pg I'1) prior 
to ICP-MS analysis.
Calibration
Calibration standards (100 ml) were prepared from concentrated standard solutions by 
dilution with 1% (v/v) Aristar® nitric acid (Table 3.1). A calibration blank was also 
prepared from the same 1% acid. Standard concentrations were based on a 250-fold 
dilution factor of normal values; i.e. 200 mg of sample diluted to 50 ml (an 
investigation into the effect of sample mass on the analysis is detailed in Section 
3.2.2.3). Normal values for calculating the standard concentrations were based on 
previous work within the Surrey ICP-MS group (Table 3.2).
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Table 3.1: Standard Concentrations Used for Scalp Hair Analysis
Element Concentration (pg I'1)
Std 1 Std 2 Std 3 Std 4 Std 5
Al 5 10 20 40 80
V 0.125 0.250 0.500 1.000 2.000
Cr 1.25 2.50 5.00 10.00 20.00
Mn 1.25 2.50 5.00 10.00 20.00
Fe 62.5 125.0 250.0 500.0 1000.0
Co 0.125 0.250 0.500 1.000 2.000
Ni 1.25 2.50 5.00 10.00 20.00
Cu 10 20 40 80 160
Zn 125 250 500 1000 2000
Se 2.5 5.0 10.0 20.0 40.0
Mo 0.125 0.250 0.500 1.000 2.000
Cd 0.125 0.250 0.500 1.000 2.000
Pb 2.5 5.0 10.0 20.0 40.0
Table 3.2: Surrey ICP-MS Group Values for ‘Normal5 Scalp Hair (Yadegarian
Hadji Abadi, 1990)
Essential Reference Value Reference Range Reference Range After
Elements (mg kg1) (mg k g ') 250x Dilution (pg I'1)
V 0.1 0.05-0.50 0.2-2.0
Cr 1 0.5 -2.5 2 -  10
Mn 1.5 1 -3 4 -  12
Fe 35 2 0 -5 0 80 - 200
Co 0.25 0.1 -0.8 0.4-3.2
Ni 0.8 0.5 -2.0 2 - 8
Cu 20 15-35 60 - 140
Zn 175 160-220 640 - 880
Se 2.5 2.0-4 .0 8 -1 6
Mo 0.15 0.08 - 0.50 0.32-2.00
Toxic “Acceptable” “Raised” Range After 250x
Elements (mg k gJ) (mg k gr) Dilution (pg I"1)
Al <5 5 -2 5 < 2 0-100
Cd <0.2 0.2-2.0 < 0 .8 -8 .0
Pb <5 5 -2 5 < 20 - 100
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3.2.1.2 Homogenisation
As already described (Section 3.1.1.1), human scalp hair is an extremely 
heterogeneous material. Proper sample collection can minimise the effect of this, but 
further steps can be taken to ensure a representative sample is presented for analysis. 
This usually involves some sort of homogenisation procedure.
The aim of homogenisation is to create a uniform matrix so that any sub-sampling 
from the matrix will contain a representative sample of the whole. Samples can be in- 
homogeneous due to variations in fraction size, sampling location, storage or perhaps 
from localised contamination. Trace elements vary between individual hairs and have 
also been shown to be unevenly distributed within single hairs (Bos et a l 198S). 
Steps must therefore be taken to remove or reduce the effects of these 
inconsistencies.
Several homogenisation methods were investigated. A method in the literature 
detailed the use of liquid nitrogen and a micro ball mill. Hair was placed inside a teflon 
container together with a teflon coated ball and was then cooled in liquid nitrogen for 
a few minutes. The container was then vibrated for several minutes on the micro ball 
mill. By repeating this process two or three times, a fine powder was produced 
(Bagliano et a l 1981). It was not possible to duplicate this method exactly as a 
teflon coated ball was not available. Attempts were made to pulverise scalp hair with 
a pestle and mortar, after immersion in a solution of liquid nitrogen. This procedure 
was unsuccessful; the hair remained flexible, even after it had been submerged in 
liquid nitrogen for several minutes. A ceramic ball mill was then used, but with little 
success. This method resulted in considerable sample contamination. An attempt was 
also made to chop the scalp hair into small pieces using a food blender. Unfortunately, 
the end result was a knot of hair which was wound around the blades. The final 
solution was simply to snip the hair into small pieces with stainless steel scissors. This 
was time consuming, and the scissors were a potential source of sample 
contamination, but it was the only realistic way to achieve homogenisation with the 
available equipment.
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Several large hair samples (~ 10 g, dry weight) were homogenised using stainless steel 
scissors for use in the following method development experiments. The same sample 
was not used in all experiments, but where direct comparison of analyte 
concentrations was required (e.g. for comparison of washing procedures or sample 
mass), a single bulk sample was used throughout the experiment.
3.2.2.3 Investigation into the Effect of Sample Mass
Samples were prepared in triplicate for 0.05, 0.10, 0.20, 0.30 and 0.40 g of scalp hair. 
These were dry ashed in a muffle furnace (~12 hours at 500°C, after 1 hour at 100°C 
and 1 hour at 250°C) and then diluted to 50 ml with 1% nitric acid before analysis by 
ICP-MS (see Table 3.3 for a summary of the results). Mean, median and standard 
deviation values are given for each sample mass and element. Medians were reported 
as they can give a more realistic measure of central tendency when n = 3 (Miller and 
Miller, 1993)
The smaller sample masses (0.05-0. lOg) were shown to give higher calculated 
elemental concentrations and larger standard deviations. This was probably due to the 
effect of heterogeneity in the smaller sample masses, an effect which was multiplied by 
the large dilution factors.
Table 3.3 shows that a sample mass of between 100 and 300 mg provided the best 
results for most of the elements, with lower standard deviations and more 
reproducible mean and median concentrations. Selenium was a notable exception; the 
raw data showed little change, despite the changing sample mass, suggesting that it 
was only the blank or background being measured in each case. A possible 
explanation for this is the presence of a polyatomic interference on 82Se, such as 
40Ar40ArH2. However, if this is the case then the background would probably be 
higher. It is more likely that most of the selenium was volatilised during sample 
preparation. Selenium losses during sample preparation are well documented and are 
thought to be caused by the volatility of selenium species (Welz et al., 1988). 
Analysis of selenium by ICP-MS, without the use of special sample introduction 
systems or organic solvent addition, is also problematic and suffers from poor
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sensitivity (see Section 3.2.3.4), The measurement of selenium in scalp hair was 
therefore abandoned at this point to enable attention to be focused on the other 
analytes of interest.
Table 3.3: Summary of Results for the Effect of Sample Mass on Scalp Hair 
Analysis (mg kg'1)
Hair Mass (g)
Element 0.05 0.10 0.20 0.30 0.40
Al X (M ) 57.9 (55.6) 51.2  (48.7) 50.6 (50.1) 58.0  (53 .0) 69.5  (67 .8)
sd 5.5 3.8 1.3 1 0 . 2 1 2 . 6
V X (M) 0 .1 2 6 (0 .1 3 0 ) 0 .1 0 6 (0 .1 0 8 ) 0 .097  (0.093) 0 .0 9 7 (0 .1 0 2 ) 0 .1 1 2 (0 .0 9 8 )
sd 0 .004 0.005 0 .009 0 . 0 1 0 0 . 0 2 1
Cr x  (M) 0.745 (0 .823) 0 .652  (0 .600) 0.591 (0 .568) 0 .650  (0 .601) 0 .627  (0 .635)
sd 0 .077 0 . 1 0 1 0.070 0 .079 0.014
Mn X (M ) 7.38 (7 .17) 7 .38  (7 .39) 7.55 (7.56) 8.62 (8 .67) 8.01 (8.07)
sd 0.32 0.41 0 . 0 1 0.05 0.06
Fe X (M ) 68 .2  (71 .9) 49 .8  (48.8) 50.7 (51.7) 55.3 (49.7) 52.7  (49.7)
sd 6 . 8 1 . 8 2.3 5.6 4.1
Co X (M ) 0.143 (0.143) 0 .123 (0 .124) 0 . 1 2 0 (0 . 1 2 2 ) 0 .1 4 0 (0 .1 4 1 ) 0 .1 2 8 (0 .1 3 2 )
sd 0.001 0.011 0 . 0 0 2 0 . 0 0 2 0.004
Ni x  (M) 2.37  (4 .82) 1.13 (1 .21) 1.66 (1 .63) 1.47 (1 .59) 1.70 (1 .83)
sd 2.44 0 .08 0.03 0 . 1 2 0.13
Cu x (M) 2.70 (2 .66) 5 .16 (5.22) 6 .28 (6.32) 6 .42  (6.80) 6 .98  (6 .96)
sd 0.36 0 .14 0 . 2 2 0 .57 0.33
Zn x  (M) 189 (189) 170 (171) 167 (164) 173 (170) 169 (169)
sd 1 1 3 3 1
Se X (M ) 4.06 (4 .03) 2 .19  (2 .24) 1.32 (1 .30) 0 .90  (0.87) 0 .72 (0.71)
sd 0 .18 0 .07 0.03 0 .06 0 . 0 2
Mo X (M) 0.053 (0 .053) 0 .046  (0 .046) 0 .042  (0.042) 0 .046  (0 .048) 0 .044  (0 .041)
sd 0.003 0.003 0.001 0 . 0 0 2 0 . 0 0 2
Cd x (M) 0 .399  (0 .402) 0 .331 (0 .331) 0 .318 0 .375  (0 .332) 0.353 (0 .365)
sd 0.004 0.008 0.014 0.042 0.011
Pb X (M ) 7.11 (6 .95) 4 .27  (4 .37) 4 .02  (4 .18) 3 .40 (3.37) 3 .59  (3.51)
sd 0.16 0 .18 0.45 0 .07 0 .27
x  =  arithmetic mean, M =  m edian, sd  =  standard deviation
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3.2.2A Washing Procedures
Washing procedures for scalp hair are adopted primarily to remove exogenous 
material from the surface of the hair sample. This material may be environmental in 
origin such as dust or particulates, or be due to hair treatments or shampoos. It may 
also originate from the body in the form of sweat, oils or skin cells (Chatt and Katz, 
1988; Valkovic, 1988; Le Blanc et al., 1999). Trace element analysis of scalp hair is 
concerned with the endogenous elements stored internally in the hair structure during 
its growth (see Section 1.3.3.1), It is therefore important to try and remove external 
contamination from the surface of the hair that could otherwise bias the analysis.
Many methods have been proposed in the literature for the washing of scalp hair 
samples, ranging from simple water washes through to complex chemical treatments. 
The suitability of these various procedures is the centre of much debate. A few 
authors have expressed concern over the more rigorous methods, claiming that such 
treatment can result in leaching of elements from the internal structures of the hair and 
hence give a distorted analysis. Some organic solvents and detergents have certainly 
been shown to remove lipids from hair, together with any trace elements bound to 
them (Attar et a l 1990), One radioisotopic study has shown that in cases of zinc 
contamination, none of the standard washing procedures remove all of the exogenous 
zinc, yet all remove varying amounts of the endogenous zinc (Buckley and Dreosti, 
1984). One point which most authors seem to agree on, is that the washing procedure 
employed should depend upon which element one is desiring to analyse in the hair, 
since different methods have effects on different elements (Hilderbrand and White, 
1974; Assarian and Oberleas, 1977; Bland, 1983; Valkovic, 1988). This becomes 
a problem for multielemental analysis since no single method is suitable for all 
elements and hence a compromise must therefore be reached. The nearest thing to a 
standard washing procedure for multielemental analysis at present is a method 
proposed by an International Atomic Energy Agency report (IAEA, 1978). This 
method, which comprises of successive washes with acetone, water, water, water and 
acetone, has been adopted by some researchers (Bagliano et ah, 1981; Chatt, 1984), 
but its usefulness is questioned by others (Salmela et al., 1981; Borella et al., 1996).
135
In an attempt to clarify the situation, an experiment was designed to evaluate the 
effects of different washing procedures on trace element levels in a bulk scalp hair 
sample. Four different washing procedures were used on portions of the same sample 
and were compared with an unwashed portion. Each wash was undertaken for 5 
minutes in an ultrasonic bath, after which the wash solution was decanted off and 
discarded. After completion of the washing procedure, the samples were allowed to 
dry in an oven at 60 °C for 3 hours. The samples were then weighed out in duplicate 
and dry ashed in a muffle furnace before analysis by ICP-MS. Results of this analysis 
for 12 elements can be seen in Table 3.4.
Table 3.4: Mean Elemental Scalp Hair Concentrations After Use of Different
Washing Procedures (mg kg'1)
W ash in g Procedure
U nw ashed A B C D
mean sd mean sd mean sd mean sd mean sd
Al 20.9 ±3.6 8.4 ±0.3 13.5 ±5.4 13.1 ±0.1 15.1 ±1.6
V 0.81 ±0.26 0.04 ±0.01 0.10 ±0.08 0.05 ±0.01 0.07 ±0.01
Cr 1.75 ±0.07 0.87 ±0.08 0.64 ±0.01 0.88 ±0.08 0.98 ±0.01
Mn 1.22 ±0.32 0.63 ±0.01 0.32 ±0.01 0.46 ±0.02 0.49 ±0.02
Fe 19.6 ±3.6 10.4 ±0.1 10.8 ±1.6 17.6 ± 1.7 17.3 ±3.4
Co 0.52 ±0.17 0.10 ±0.01 0.05 ±0.01 0.09 ±0.01 0.09 ±0.02
Ni 2.9 ±0.6 1.3 ±0.1 2.0 ± 1.1 1.6 ±0.1 2.4 ±5.2
Cu 71 ± 4 65 ±3 51 ±3 66 ±1 66 ± 4
Zn 169 ± 7 163 ±1 148 ± 4 165 ±1 161 ± 16
Mo 0.09 ±0.01 0.06 ±0.01 0.08 ±0.01 0.07 ±0.01 0.09 ±0.02
Cd 0.28 ±0.03 0.28 ±0.22 0.04 ±0.01 0.20 ±0.19 0.04 ±0.01
Pb 6.7 ±0.4 5.3 ± 1.2 4.6 ±0.3 4.4 ±1.8 5.0 ±0.4
mean = arithmetic mean, sd = standard deviation
A: sequential washing with acetone, water, water, water, acetone (IAEA method),
B: washed with an aqueous solution of Triton X-100 and rinsed with water,
C: sequential washing with ether, water and acetone,
D: water washes only.
Mean values were found to decrease for most elements as a result of the various 
washing procedures, compared to unwashed hair. The magnitude of these decreases 
was, however, variable amoungst the washing procedures. Compared to unwashed
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hair, the precision of the measurements for the different washing procedures was 
generally improved. This was perhaps a heterogeneity effect, as external 
contamination in the unwashed hair would have increased the trace element variability 
in the sample. This would have been reduced in the washed hair, with variations 
mainly due to endogenous differences, rather than exogenous ones.
As this experiment did not differentiate between the source of the trace elements 
removed by the various washing procedures (i.e. exogenous or endogenous), the 
effectiveness of the washing procedures was assessed by looking at the reduction of 
analyte concentrations. The effectiveness of the various washing procedures was then 
evaluated by calculating the percentage change in concentration for each analyte, 
compared with unwashed hair. The mean and median percentage change for each 
method was then calculated to enable a comparison between the methods (Table 3.5).
Table 3.5: Percentage Change in Elemental Concentration for Different
Washing Procedures Compared with Unwashed Scalp Hair
Washing Viet hod*
Element A B C D
% % % %
Al -60 -35 -37 -28
V -95 -88 -94 -92
Cr -51 -64 -50 -44
Mn -48 -74 -62 -59
Fe -47 -45 -11 -12
Co -82 -92 -82 -83
Ni -55 -29 -43 -17
Cu -8 -29 -7 -8
Zn -4 -12 -2 -5
Mo -29 -7 -21 +3
Cd +2 -86 -27 -86
Pb -21 -31 -34 -25
mean -41.4 -49.3 -39.1 -37.9
median -47.7 -40.1 -35.6 -26.3
* % change calculated from  m ean values in  Table 3.4
Based on the lowest mean and median values, methods A and B gave the best 
washing performance. Of these two, method B was more problematic than A as 
frothing from the detergent significantly increased the washing time. Method A (based
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on the procedure recommended by the IAEA), was therefore adopted for all future 
washing steps during hair preparation.
3.2.2.S Dissolution Procedures
A study of the literature revealed a number of papers which detailed the preparation 
of scalp hair for trace element analysis. Many of these have been reviewed by Chatt 
and Katz (1988). Friel and Ngyuen (1986) for example, compared dry and wet 
ashing techniques for the analysis of copper, manganese, zinc and iron in human scalp 
hair. They concluded that dry ashing was best for copper, manganese and zinc, but 
that wet ashing was preferred for iron (zinc results in this study agreed with this, but 
copper, manganese and iron results did not; see Section 3.3.2). Dombovari and 
Papp (1998) have also compared preparation methods for the preparation of hair. 
They found that best results were achieved using a high pressure microwave digestion 
system as this gave the highest analyte levels. The lower levels found by open vessel 
wet digestion and by dry ashing were thought to be due to loss of analytes during 
preparation (though certified reference materials were not used to verify this finding). 
A number of other authors have also described microwave digestion procedures, 
particularly in recent years as the equipment has become more available (Razagui 
and Haswell, 1997; Ming and Ring, 1998; Puchyr et al., 1998; Knight et al.,
1999). However, microwave digestion was not generally available for use in this study 
so investigation of sample preparation techniques focused on dry ashing and wet 
digestion.
Dry Ashing
Dry ashing was carried out by placing 200 ± 20 mg of the samples in clean dry 100 ml 
Pyrex beakers. These were then placed in the muffle furnace, initially at about 150 °C. 
The temperature was raised to 500 °C after approximately 2 hours, and maintained at 
this level overnight (—14 hours). Ashed samples were dissolved in 2 ml of 
concentrated nitric acid and then transferred to clean 50 ml polypropylene volumetric 
flasks, containing 50 pg I'1 indium internal standard and diluted with deionised water.
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Five pooled hair samples were prepared in this way and analysed by ICP-MS (Table 
3.6). ,
Table 3.6: Pooled Scalp Hair Concentrations Using Dry Ashing
n = 5 Mean Standard Deviation rsd
Element mg kg 1 mg kg1 %
Al 58.3 6.1 11
V 0.069 0.006 8
Cr 0.45 0.08 18
Mn 0.76 0.07 9
Fe 19.1 2.0 20
Co 0.068 0.006 8
Ni 1.32 0.45 34
Cu 51.2 4.5 8
Zn 191.1 5.9 3
Mo 0.07 0.02 32
Cd 0.16 0.08 50
Pb 2.84 1.23 43
1 see Section 3.2.2.1 for a list o f  isotopes used, m ean =  arithmetic mean, rsd =  relative standard 
deviation
Wet Digestion
Wet ashing used the same amount of scalp hair sample, namely 200 ± 20 mg, but 
placed in teflon beakers on a hot plate. Concentrated nitric acid (5 ml) was then added 
to the samples. These samples were then heated at -150 °C until all the solid material 
had dissolved, adding a few more ml of acid if necessary. The remaining liquid in each 
beaker was then transferred to 50 ml polypropylene volumetric flasks, containing 50 
p,g I'1 indium internal standard, and diluted with deionised water. Five pooled hair 
samples were prepared in this way and analysed by ICP-MS (Table 3.7),
Both of these methods (dry ashing and wet digestion) produced analyte 
concentrations for most elements which were within, or close to, the expected 
concentration ranges (Table 3.2). The main exceptions were high concentrations of 
chromium and vanadium using wet digestion. Since chromium and vanadium both 
have interferences from major chlorine polyatomic species (35C1160  and 37C114N on 51V
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and 37C1160  on 53Cr; see Appendix A, Table A l) it was likely that this was the cause 
of the high concentrations using wet digestion. Hydrochloric acid was not used in the 
digestion, but the chlorine could have come from the samples themselves or possibly 
from external contamination during the digestion. Despite this, rsd’s for vanadium and 
chromium using wet digestion were similar to those for dry ashing.
Table 3.7: Pooled Scalp Hair Concentrations Using Wet Digestion
n = 5 Mean Standard Deviation rsd
Element1 mg kg 1 mg k g1 %
Al 57.4 13.8 24
V 15.9 1.2 7
Cr 4.90 0.67 14
Mn 0.90 0.07 8
Fe 32.5 7.9 24
Co 0.078 0.004 5
Ni 2.13 0.57 27
Cu 53.5 4.7 9
Zn 193.0 7.1 4
Mo 0.05 0.01 21
Cd 0.07 0.07 57
Pb 0.55 0.13 23
1 see Section  3 .2 .2 .1  for a list o f  isotopes used, m ean =  arithmetic mean, rsd =  relative standard 
deviation
Further evaluation of these two methods was carried out during method validation 
experiments (see Section 3.3.2),
3.2.3 Preparation of Blood Serum and Follicular Fluid
Sample preparation methods for blood serum and follicular fluid were investigated. 
Blood serum alone was used for the development work, due to the similar nature of 
these two fluids (Edwards, 1974). The developed methods were then applied to the 
analysis of follicular fluid.
Using the methods described in the literature as a starting point, the preparation of 
blood serum was investigated. The aim of this investigation was to try existing
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procedures for use on the SOLA ICP-MS and/or to modify these methods until 
satisfactory results were achieved. Due to the large number of IVF samples to be 
analysed, it was also desirable to develop a method ideally suited to both blood serum 
and follicular fluid. Such a method should be simple, quick and reliable.
A general literature review of sample preparation methods used for blood serum can 
be seen in Tables 2.2 to 2.7 in Chapter 2. Many of these methods will be discussed 
in greater detail below.
3.2.3.1 Preparation of a Pooled Serum Sample
In order to develop a suitable method for the trace element analysis of blood serum it 
was necessary to standardise the samples used in the development experiments. To 
this end, various stored blood serum samples were defrosted and pooled to give a 
bulk sample. This sample was mixed in a plastic bottle and rolled on a small set of 
mechanical rollers for an hour to ensure homogenisation. 2.5 ml portions of the bulk 
sample were then pipetted into labelled ‘metal-free’ tubes (Ellcay Laboratory Products 
(UK) Ltd., Basingstoke) and re-frozen giving 100 tubes in total. Portions of this 
pooled stock of serum were then used in the subsequent method development 
experiments.
3.2.3.2 ICP-MS Parameters and Calibration
ICP-MS signal optimisation was initially carried out at U5In for a 50 pg I'1 indium 
standard. A radiofrequency forward power of 1.4 kW and a nebulizer flow rate of 
0.95 1 min'1 was used for the analysis of samples investigated in the digestion 
experiments. This was modified for the later dilution experiments after ICP-MS signal 
optimisation was investigated at various radiofrequency forward powers and nebulizer 
flow rates (see Section 3.2.3.8),
Selection of Isotopes
Initial investigations indicated that analyte concentrations were low enough to be 
measured using the multiplier detector of the ICP-MS. Table 3.8 shows the isotopes
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Table 3.8: ICP-MS Spectroscopic Interferences for Fe, Cu, Zn, Se, Cd and Pb
in Human Serum (Vanhoe et al.91989; Vandecasteele and Block, 1993)
Element Isotope Isotopic
Abundance
Overlapping
Isotopes1
Potential Interfering Polyatomic Ions
Iron 54Fe 5.8% Cr (2.37% ) 4 0 Ar1 4N , 3 8 Ar1 6 0 ,  4 0 Ca1 4 N , 3 7 C ln O, 3 7 C l16OH
56Fe 91.7% 4 0 ArI6 0 , 3 8 Ar1 8O , 4 0 Ca16O
57Fe 2 .2 % 4 0 Ar1 7 0 , 4 0 Ca17O
58Fe 0.28% N i (68.3% ) 4 2 Ca160
Copper 63Cu 69.2% 4 0 Ar2 3 N a,4 7 T i16O
65Cu 30.8% 3 3 SI6 OisO, 3 2 S3 3 S, 4 9 T ilsO
Zinc 64Zn 48.6% N i (0.91% ) 3 2 S 1 6 0 1 6 0 , 3 2 S3 2 S, 4 <5Ca1 80 , 4 8 Ca160
66Zn 27.9% 3 2 S 1 6 0 I8 0 , 3 2 S 3 4 S, 4 8 CalsO, 3 4 S 1 6 0 1 6 0 , 5 0 Cr16O
61Zn 4.1% 5 1 v 1 6 o ,
68Zn 18.8% 4 0 Ar1 4 N I4 N , 5 2 CrlsO,
70Zn 0 .6 % Ge (20.51% ) 4 0 Ar1 4N 1 6 0 , 5 4 CrI6 0 ,
Selenium 14Se 0.9% Ge (36.56% ) 3 6 Ar3 6 Ar,
76Se 9.0% Ge (7.77% ) 3 6 Ar4 0 Ar,
77Se 7.6% 3 6 Ar4 0 ArH,
78Se 23.6% Kr (0.35% ) 3 SAr4 0 Ar,
80Se 49.7% Kr (2.27% ) 4 0 Ar4 0 Ar, H79Br
82Se 9.2% Kr (11.56% ) 4 0 Ar4 0 ArH2, HslBr
Cadmium 106Cd 1.25% Pd (27.3% ) 9 0 Zr16O
108Cd 0.89% Pd (26.7% ) 9 2 ZrI6 0 , 9 2 M o160
noCd 12.5% P d (11.8% ) 9 4 Zr1 60 , 9 4 M o160
I llCd 1 2 .8 % 96M o160
U2Cd 24.1% Sn (0.95% ) 9 6 Zr1 6 0 , 9 6 M o160
U3Cd 1 2 .2 % In (4.28% ) 97M o1sO
U4Cd 28.7% Sn (0.65% ) 98M o1sO
U6Cd 7.49% Sn (14.2% ) 100M o16O
Lead 204Pb 1.4% H g (6.85% )
2 °6 pb 24.1%
2°7Pb 2 2 . 1 %
208pb 52.4%
1 values in  brackets indicate the percentage isotopic abundance o f  the overlapping isotope
for iron, copper, zinc, selenium, cadmium and lead and their respective ICP-MS 
spectroscopic interferences. Using the information in this table, isotopes were selected
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that were subject to minimal interference effects. Where several isotopes were 
available, the most abundant was used. The following isotopes were therefore selected 
for the six elements of interest; 57Fe, 65Cu, 66Zn, 82Se, U2Cd and 208Pb. Modifications 
were made later for iron when specific investigations indicated that another isotope 
was more suitable, namely 54Fe (Section 3.2.3.6),
Internal Standardisation
In contrast to the analysis of scalp hair, it was decided that the internal standard 
would be added on-line. This removed any errors inherent in pipetting an internal 
standard solution into each individual standard and sample. Using an on-line system 
ensured that the variation in internal standard concentration was minimised and 
instrument drift was more accurately corrected for. On-line addition was achieved by 
means of a glass T-piece, inserted after the peristaltic pump, which mixed internal 
standard and sample in a 1:1 ratio. All samples and standards were run in this way.
Table 3.9: Reference Concentrations for Selected Trace Elements in Blood 
Serum
Element Literature References Median (pg l'1) Range (pg I'1)
Iron Iyengar and W oittiez (1988) 1060 750 - 1500
Caroli et al. (1994) 1 1 0 0 -  1300
Cobalt Iyengar and W oittiez (1988) 0 .29 0 .1 1 - 0 .4 5
Caroli et al. (1994) 0 .08  - 0 .45
Copper Iyengar and W oittiez (1988) 1 1 0 0 800 - 1750
Caroli et al. (1994) 600 - 1400
Zinc Iyengar and W oittiez (1988) 930 700 - 1200
Caroli et al. (1994) 600 - 1 2 0 0
Germanium Iyengar et al. (1978) < 4 0
Selenium Iyengar and W oittiez (1988) 96 46 - 143
Caroli et al. (1994) 30 - 105
Cadmium Iyengar and W oittiez (1988) 0 . 1
Caroli et al. (1994) 0 .04 - 0 .4
Indium Iyengar et al. (1978) < 8 0
Lead Iyengar and W oittiez (1988) <  1
Caroli et al. (1994) 0 .08  - 0 .48
Bism uth Iyengar et al. (1978) <  1 0
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Another modification to the internal standardisation process was to make use of 
several internal standards instead of just one. Internal standards were selected that 
were as close as possible in mass number to the analytes that were to be corrected. 
This followed the recommendations of Vanhaecke et aL, (1992), who found that 
close matching of internal standard and analyte mass number gave the most accurate 
and precise correction for instrument drift under single- and multi- element analysis 
conditions, with analyte and internal standard ionisation energies of only secondary 
importance to internal standard selection (see also Section 2.4.1.6), Internal standards 
were selected that would not be normally present in the samples, or at least would be 
at such low concentrations that the effect on the internal standard signal would be 
minimal (Table 3.9). Cobalt (59Co) was selected to correct for iron, copper and zinc; 
germanium (74Ge) for selenium; indium (115In) for cadmium and bismuth (209Bi) for 
lead (Table 3.10),
Table 3.10: Internal Standard Details for Blood Serum Analysis
Analyte Isotope
Used
1st Ionisation 
Energy (kJ m ol1)!'
Internal
Standard
Isotope
Used
1st Ionisation 
Energy (kJ mol'1) !
Iron 57Fe 759.3 Cobalt 59Co 760.0
Copper 65Cu 745.4 Cobalt 59Co 760.0
Zinc 66Zn 906.4 Cobalt 59Co 760.0
Selenium 82Se 940 .9 Germanium 74Ge 762.1
Cadmium U2Cd 867.6 Indium 115In 558.3
Lead 2 °8 pb 715.5 Bism uth 2 °9B i 703.2
f  (Emsley, 1991)
Calibration
Calibration standards (100 ml) were prepared from concentrated 10000 or 1000 mg I'1 
Aristar® standard solutions (BDH, Poole, UK) by dilution with 1% (v/v) Aristar® 
nitric acid (BDH, Poole, UK) (Table 3.11). A calibration blank was also prepared 
from the same 1% acid.
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Table 3.11 Standard Concentrations Used for the Analysis of Digested Serum
Standard
Solution
Concentration (pg I'1)
Fe Cu Zn Se Cd Pb
1 50 75 150 2.5 1.25 2.5
2 100 150 300 5.0 2.50 5.0
3 200 300 600 10.0 5.00 10.0
4 400 600 1200 20.0 10.00 20.0
5 800 1200 2400 40.0 20.00 40.0
3.2.3.3 Serum Digestion
Wet digestion of blood serum has been widely reported in the literature for use with 
various instrumental techniques. Concentrated nitric acid digestion, with and without 
hydrogen peroxide, or in combination with sulphuric or perchloric acids have been 
reported (Mikac-Devic, 1969; Barnes, 1984; Abou-Shakra and Ward, 1993; 
Kucera and Soukal, 1993; Akyol et al., 1997). More complex acid mixtures have 
also been described, particularly for the analysis of selenium by hydride generation. 
This is primarily due to the need for ensuring the complete reduction of selenium in 
the sample to the +4 oxidation state before reaction with borohydride (Lalonde et al., 
1982; Negretti de Bratter et al., 1990; Recknagel et al., 1993; Hao et al., 1996; 
Navarro, 1996; Rayman et al., 1996). However, there are problems with wet 
digestion of serum for the analysis of selenium, specifically in terms of the resistance 
of certain organoselenium compounds to acid digestion and in terms of the volatility 
of selenium and the ease with which it is lost to the environment (Neve et al., 1982; 
Versieck and Cornelis, 1989; Rayman et al., 1996).
For blood serum analysis by ICP-MS (excluding hydride generation), digestion with 
concentrated nitric acid has usually been the preferred method as this gives fewer 
spectroscopic interferences compared to other acids (Vandecasteele and Block, 
1993; Subramanian, 1996). One report, for example, described a method in which 
samples were mixed in a 1:1 ratio with concentrated nitric acid and heated at 100°C 
for 8 hours before ICP-MS analysis (Abou-Shakra and Ward, 1993).
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Microwave digestion has also been reported as a method for blood serum preparation. 
It is becoming increasingly popular as it enables rapid digestion in a controlled 
environment which contains the loss of volatile species (Ward et al., 1990; 
Subramanian, 1996; Riondato et al., 1997). Microwave digestion was not available 
for use in this study, so method development concentrated on wet digestion.
A wet digestion method was evaluated which had already been developed in the 
laboratory for the analysis of selenium in blood serum (Churchman, 1997). This 
method used a heating block, into which twelve 100 ml glass tubes could be inserted. 
Portions of pooled serum (1 ml) were pipetted into these clean tubes before 
concentrated nitric acid was added (5 ml). The tubes were then covered and left for 
twelve hours (overnight). The tubes were next placed in the heating block, heated to 
120 °C over 20 mins and maintained at this temperature for 3 hours. Care was taken 
to ensure that the tubes did not char or boil dry by adding further volumes of 
concentrated nitric acid where necessary. The tubes were finally taken almost to 
dryness and allowed to cool. The samples were transferred to clean 10 ml volumetric 
flasks, and made up to volume with deionised water. Small portions of the water were 
used to ensure complete sample transfer by rinsing the tubes and then adding them to 
the flasks.
Wet Digestion of Pooled Serum Samples
Seven pooled serum samples were digested and analysed by ICP-MS. A summary of 
the results can be seen in Table 3.12. A comparison of these values with the reference 
ranges in Table 3.10 suggested that there were some problems with the analysis. 
Copper and zinc concentrations were within the expected concentration range, but 
iron, selenium and lead values were high. Ion counts for cadmium provided values at 
or below the detection limit.
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Table 3.12: Analysis of Pooled Serum after Wet Digestion
Concentration1 (pg I'1
n-1 Fe Cu Zn Se Cd Pb
mean 5547 967 1257 216 nd 18.8
sd 100 17 110 13 nd 2.2
rsd (%) 2 2 9 6 nd 12
1 see Section  3 .2 .3 .2  for details o f  isotopes used, m ean =  arithmetic mean, sd  =  standard deviation, 
rsd =  relative standard deviation, nd =  not detected
S.2.3.4 Investigation into the Effect of Methanol Addition
In an attempt to improve the analysis of digested blood serum, especially for selenium, 
the effect of adding an organic solvent was investigated. The use of organic solvents 
in this way has already been discussed (Section 2.4.1.6) and has also been 
investigated in previous research at the Surrey ICP-MS Facility for selenium in blood 
serum (Churchman, 1997). The author found that the addition of 5% methanol to 
the internal standard solution (hence 2.5 % methanol after on-line dilution) 
significantly improved the instrument sensitivity for selenium analysis.
The seven pooled serum samples that were prepared by wet digestion in the previous 
experiment were re-run. A new internal standard solution was prepared which now 
contained 5% methanol in addition to the four internal standards (50 pg I'1) in 1% 
nitric acid. The blank and standards were also run under these new conditions and a 
fresh calibration carried out.
Table 3.13: Analysis of Pooled Serum after Wet Digestion and with 5% 
Methanol
Concentration1 (pg I'1]
t-IIe Fe Cu Zn Se Cd Pb
mean 4691 903 1129 89.7 4.1 21.9
sd 131 14 87 9.3 5.5 14.1
rsd (%) 3 2 8 10 134 64
f see Section  3 .2 .3 .2  for details o f  isotopes used, m ean =  arithmetic m ean, sd  =  standard deviation, 
rsd =  relative standard deviation, nd =  not detected
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Results showed a marked improvement in the selenium concentrations, which agreed 
well with the reference ranges (Table 3.13). Precision using methanol (10%) was not 
as good as when methanol was absent (6%), but the difference was not large. The loss 
of precision may have been caused by fluctuations in the plasma due to the increased 
carbon loading. It was also interesting to observe that the selenium concentration 
decreased with the addition of methanol. It was possible that this was due to the 
removal of interferring argon species through the preferential formation of carbon 
species in the plasma. In the absence of these interferences, the ‘true’ selenium signal 
was observed.
This observation was supported by a closer look at the raw signal intensities for 
blanks and standards, with and without the addition of methanol (Table 3.14).
Table 3.14: The Effect of Methanol Addition on 82Se Signal Intensity
Sample Solution Internal Standard Solution Signal (cts s'1) Ratio
Blank (1% HN03) 1% h n o 3 188 1 : 1.1
2.5 pg f 1 Se in 1% HN03 1% h n o 3 199
Blank (1% HN03) 1% HN03 + 5% MeOH 109 1 : 6.6
2.5 pg I-1 Se in 1% HN03 1% HN03 + 5% MeOH 721
These results showed two effects of the methanol addition; the reduction of the 
selenium blank signal through reduction of interferring polyatomic species (e.g. 
40Ar40ArH2) and also enhanced selenium sensitivity due to improved ionisation in the 
plasma.
These observations confirmed the beneficial effects of adding methanol for the 
analysis of selenium. However, the effect on the other analytes of interest, namely 
iron, copper, zinc, cadmium and lead, as well as the internal standard elements cobalt, 
germanium, indium and bismuth was unknown. This was investigated in the same way 
as for selenium; a blank and a standard solution were run with on-line addition of 
internal standards in 1% nitric acid, first without methanol and then again with 5% 
methanol added (Table 3.15).
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Table 3.15: The Effect of Methanol on Analyte Signal Intensities (cts s'1)
Internal Standard Solution
1% h n o 3 5% MeOH + 1% HNOa
Isotope Blank Std 1 Ratio Blank Std 1 Ratio
57Fe 24631 35915 1 : 1.5 36312 55607 1 : 1.5
65Cu 1552 44436 1 : 28.6 4379 73375 1 : 16.8
66Zn 3770 23614 1 : 6.3 8176 37624 1 : 4.6
112Cd 208 444 1 : 2.1 256 500 1 : 2.0
2°8pb 258 613 1 : 2.4 313 1799 1 : 5.8
59Co 323281 324562 1 : 1.0 640710 614202 1 : 1.0
74Ge 76975 74306 1 : 1.0 107363 97309 1 : 0.9
115In 287478 291296 1 : 1.0 367540 322012 1 : 0.9
209Bi 61372 51360 1 : 0.8 56486 41972 1 : 0.7
These results showed some interesting trends. Sensitivity was increased for all but one 
of the elements (bismuth) with the addition of methanol, though some were increased 
more than others. This was in agreement with the literature which predicted an 
enhancement of sensitivity for most elements due to the improved viscosity of the 
samples. This increase was independent of any further increases which may occur due 
to enhanced ionisation in the plasma. Such increases were reported to occur for 
elements with first ionisation energies between 9 and 11 eV ( 868.4 to 1061 kJ mol'1) 
(Allain et aL, 1991; Larsen and Stiirup, 1994). This should have meant a significant 
increase in zinc and cadmium sensitivities, since both have ionisation energies above 9 
eV, but this was not observed, suggesting that these elements were already fully 
ionised. Other than selenium, lead was the only element which showed an increase in 
sensitivity.
The blank-to-standard ratio showed another trend brought about by the addition of 
methanol, namely, that while sensitivity was increased, there was also a proportionally 
greater increase in the background signal. The main exception to this was selenium, 
where the background decreased at the same time as the selenium sensitivity increased 
(Table 3.14). The increase in background signal did not cause a significant problem 
for the determination of analytes in these samples, except perhaps for cadmium and 
lead where analyte levels were in the sub pg I*1 range and hence were closer to the
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limit of detection when methanol was used. The increase in background signal was 
possibly caused by the increased carbon loading of the plasma.
In summary, these results showed that methanol addition significantly improved the 
determination of selenium in digested blood serum by pneumatic nebulization ICP-MS 
and that signal enhancement was also observed for most of the other analytes of 
interest. The only negative effect observed for these other analytes was a slight, 
decrease in sensitivity due to the proportionally greater increase in background signal 
with methanol addition. Precision was basically unaffected for iron, copper and zinc, 
but was reduced for lead using methanol addition. Cadmium was only detected when 
using methanol, so no comparison of precision could be made at this stage.
3.2.3.S Selenium Analysis by Hydride Generation ICP-MS
The previous section showed that determination of selenium by ICP-MS using 
methanol addition resulted in an increase in sensitivity for pneumatic nebulization. 
This made the direct determination of selenium possible without the need for more 
complicated sample introduction techniques. However, a number of authors have 
reported the determination of selenium using hydride generation (see Section 2.1, 
Table 2.5). Experiments were therefore undertaken to compare pneumatic 
nebulization and hydride generation ICP-MS for the measurement of selenium in 
blood serum.
Pooled serum samples were digested and analysed for selenium by hydride generation 
ICP-MS. The digestion method used had already been developed in the ICP-MS 
Facility (Rayman et al., 1996) and was designed to ensure the correct oxidation state 
of the selenium in the samples (see Figure 3.1). Samples (0.5 ml) were digested in 
long glass tubes, placed within an aluminium heating block. After digestion, samples 
were diluted to 50 ml before analysis.
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Figure 3.1: Digestion Procedure for the Analysis of Selenium in Blood Serum
by Hydride Generation (after Rayman et al., 1996)
Results for the three pooled serum samples gave a mean of 69.5 ± 7.2 |_ig I'1. This 
value can be compared with a mean of 89.7 + 9.3 pg f 1 for the seven digested serum 
samples measured with methanol addition (Section S.2.3.4). The lower hydride 
generation values may have been caused by losses during digestion or through 
incomplete conversion during hydride formation. Similar problems have been reported 
for hydride generation where some of the selenium was thought to have oxidised back 
to Se(VI) between digestion and analysis. If this occurred, all of the selenium would 
not be converted into selenium hydride (Rayman et al., 1996). Further comparisons
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were later made between these methods using spike recoveries and reference materials 
(see Section 3.3.3).
3.2.S.6 Serum Dilution
Sample preparation by dilution of undigested serum has been reported by a number of 
authors in the literature. Table 3.16 summarises these sample preparation methods 
with ICP-MS determination.
Table 3.16: Review of Serum Dilution Methods used with ICP-MS
Elements Dilution Diluent(s) Technique Reference
Fe, Cu +  Zn 5-fold 0 .14  m ol I' 1 H N O 3 ICP-MS V anhoe et al., (1989)
1 0 -fold
Cu 2 0 -fold h 2o ICP-MS Parle eta l., (1990)
Pb 1 0 -fold
Se 5-fold N H 3 /  (N H 4 )3 PO , buffer ETV-ICP-M S Planitz and Huhnston, (1993)
Fe, Cu, Zn, 
Cd +  Pb
5-fold
1 0 -fold
0 .14  m ol I 1 H N O 3 ICP-MS D am s, (1994)
Fe, Cu +  Zn 4-fold 0 .14  m ol I' 1 H N O 3 HR-ICP-M S M oens et al., (1994)
C d +  Pb 5-fold 0 .14  m ol I' 1 H N O 3 ICP-MS Vanhoe et al., (1994)
Se 1 0 -fold 1 .5 % H N 0 3 ICP-MS Costa et al., (1995)
Zn 1 0 -fold h 2o ICP-MS Gerotto et al., (1995)
Se 1 0 1 -fold h 2o FI-HG-ICP-MS Q u ija n o e /a /., (1995)
Cu, Zn, Se, 
C d +  Pb
5-fold 5g  I 1 N H 3, 0 .5 g  r 1 Triton 
X -100 , 0 .5 g  r 1 E D T A
ICP-MS Barany et al., (1997)
Se 1 0 -fold 0 .14  m ol I' 1 HNO 3 , 2.5%  
methanol
ICP-MS Churchman, (1997)
Se 16-fold Butanol, Triton X -100 ICP-MS D elves and Sieniawska, 
(1997)
Fe, Cu +  Zn 5-fold 0 .14  m ol I 1 HNO 3 ICP-MS Riondato et al., (1997)
Cu, Zn, Se 1 0 - fo ld /
1 0 0 -fold
h 2o HR-ICP-MS Schramel and W endler, 
(1998)
Fe, Zn, Cd 
+  Pb
5-fold h 2o HR-ICP-MS M uniz et al., (1999)
Se 15-fold Butanol, Triton X -100 ICP-MS Sieniawslca et al., (1999)
Se 2 0 -fold 1% H N 03 ETV-ICP-M S Turner et al., (1999)
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As can be seen in Table 3.16, the range of reported dilution factors are from 4-fold 
up to 101-fold, with most falling in the 5 to 20 fold dilution range. Previous work at 
the Surrey ICP-MS Facility (Churchman, 1997) showed that a 10-fold to 20-fold 
dilution was suitable for the analysis of selenium in serum samples, giving a balance 
between acceptable analyte concentrations and the removal of matrix suppression 
effects. This finding is also supported by other authors (Delves and Sieniawska, 
1997; Sienawska et al., 1999; Turner et al., 1999). A number of experiments were 
undertaken to investigate serum dilution for iron, zinc, copper, selenium, cadmium 
and lead.
Dilution Factor and Matrix Effects
Human blood serum consists of about 90% water, 7% proteins (albumins and 
globulins), 2% low molecular weight organic compounds (such as fats and amino 
acids) and 1% inorganic substances (Tortora and Grabowski, 1987). The inorganic 
substances are present as ionic salts and as protein-bound species. Direct analysis of 
undiluted serum by ICP-MS is not feasible due to the suppression effects these matrix 
components have on the analyte signals. Undiluted serum also causes rapid blockage 
of sample introduction tubing, the nebulizer, the sample injector and the interface 
cones on the ICP-MS. It is for these reasons that undigested serum is diluted.
Dilution factor and matrix effects were investigated in order to determine the 
optimum dilution for the analysis of blood serum. A synthetic serum blank solution 
was prepared as detailed in the literature by Vanhoe et al., (1989). This was designed 
to contain the same concentrations of sodium, chlorine, sulphur and calcium as in 
human serum. For example, a 10-fold diluted synthetic serum contained 0.6 g I"1 
NaCl, 0.33g I' 1 NaN03, 0.66 g f 1 cysteine,HCl.H20  and 0.057 g l 1 Ca(N03)2.4H20  
(Vanhoe et ah, 1989).
Synthetic serum blank solutions were prepared so that a 5-fold, 10-fold and 20-fold 
dilution was achieved after a 1:1 on-line addition of the internal standard solution. A 
second set of synthetic serum blank solutions was also prepared at the same dilutions, 
but these were also spiked with lOOpg I"1 iron, 50pg I"1 copper and zinc, 2.5 pg f 1
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selenium, 0.5 |_ig I"1 cadmium and lpg I' 1 lead. Both sets of samples were then 
analysed by ICP-MS and peak intensities recorded for the various analyte and internal 
standard isotopes. Blank solutions were also measured that contained no synthetic 
serum.
The results are presented as blank analyte signals for all the measured isotopes 
(Figures 3.2, 3.4, 3.6 and 3.8). Spiked analyte signals for selected isotopes, together 
with plots corrected for internal standard variation are shown in Figures 3.3, 3.5, 3.7 
and 3.9.
The results showed that signal intensity decreased with increasing matrix 
concentration for some isotopes (54Fe, 59Co, 74Ge, 1I5In, 209Bi) but increased for others 
(57Fe, 63Cu, 64Zn, 65Cu, 66Zn, 77Se, 82Se, m Cd, 112Cd, 206Pb, 208Pb). The spiked 
samples behaved in a similar way but changes were most pronounced for dilution 
factors lower than the 20-fold dilution (i.e. at 10-fold and 5-fold dilutions). Correction 
for internal standard variation generally reduced the signal changes at the 20-fold 
dilution, but at lower dilutions was found to over-compensate for signal suppression. 
In summary, a 20-fold dilution gave the best performance as it was least affected by 
the synthetic matrix. Internal standard correction also worked well at this dilution. A 
20-fold dilution was therefore used in the subsequent serum dilution experiments (i.e. 
a 10-fold dilution of the sample followed by a further 2-fold dilution through on-line 
addition of the internal standard solution).
Calibration
Calibration standard concentrations were re-assessed for use with diluted serum 
samples. Elemental concentrations in the standards were based on a 10-fold dilution 
of human blood serum. Both standards and samples were then mixed in a 1:1 ratio 
with the internal standard solution, giving a final dilution factor of 1:20. Table 3.17 
shows the concentrations of the six elements in the five standards.
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Figure 3.3: Variation of Spiked Analyte Signals (Fe, Cu + Zn)
with Different Dilutions of a Synthetic Serum Blank
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Figure 3.4: Variation of Blank Analyte Signals (Se)
with Different Dilutions of a Synthetic Serum Blank
Dilution Factor
—  82Se 1.25 ug/1 •  “ 82Se 1.25 ug/1 (corrected) — • —  74Ge (Int Std, secondary axis)
Figure 3.5: Variation of Spiked Analyte Signals (Se)
with Different Dilutions of a Synthetic Serum Blank
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Figure 3.6: Variation of Blank Analyte Signals (Cd)
with Different Dilutions of a Synthetic Serum Blank
Dilution Factor
-♦---- 112Cd0.25 ug/1 •  “  112Cd 0.25 ug/1 (corrected)
-•—  115In (Int Std, secondary axis)
Figure 3.7: Variation of Spiked Analyte Signals (Cd)
with Different Dilutions of a Synthetic Serum Blank
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Figure 3.8: Variation of Blank Analyte Signals (Pb)
with Different Dilutions of a Synthetic Serum Blank
Dilution Factor
—  208Pb 0.5 ug/1 — ♦  -  208Pb 0.5 ug/1 (corrected)
—  209Bi (Int Std, secondary axis)
Figure 3.9: Variation of Spiked Analyte Signals (Pb)
with Different Dilutions of a Synthetic Serum Blank
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Table 3.17: Standards Used for the Analysis of Diluted Serum
Standard
Solution
Concentration (pg I'1)
Fe Cu Zn Se Cd Pb
1 100 25 25 1.25 0.0625 0.625
2 200 50 50 2.50 0.1250 1.250
3 400 100 100 5.00 0.2500 2.500
4 800 200 200 10.00 0.5000 5.000
5 1600 400 400 20.00 1.0000 10.000
Internal Standardisation
Due to the favourable results already achieved from the addition of methanol to the 
internal standard solution, it was decided to continue with its use in the dilution 
experiments. A 1 litre solution was prepared containing 50 pg I' 1 cobalt, germanium, 
indium and bismuth in 1% nitric acid and 5% methanol. This solution was then diluted 
further after 1:1 on-line mixing with the sample solution. A solution containing 2.5% 
methanol and 25 pg f 1 of each internal standard element was therefore analysed by 
ICP-MS.
Analysis of Pooled Diluted Serum
Seven portions of pooled serum were prepared by dilution and analysed by ICP-MS 
(see Table 3.18 for results). Results were similar to those obtained by digestion 
(Table 3.13), but with notably improved cadmium values.
Table 3.18: Analysis of Pooled Serum After Dilution and Using 5% Methanol
Concentration (pg f 1)
n = 7 Fe Cu Zn Se Cd Pb
mean 5652 1070 1039 74.7 0 .11 7.0
sd 260 78 51 3.0 0.03 1.2
% rsd 5 7 5 4 27 17
1 see Section  3 .2 .3 .2  for details o f  isotopes used, m ean =  arithmetic mean, sd =  standard deviation, 
rsd =  relative standard deviation
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Problems with Iron and Cadmium
The results from the previous digestion (Table 3.13) and dilution (Table 3.18) 
experiments showed very high iron concentrations compared to the values from the 
literature (Table 3.10). This could possibly be due to haemolysis of the pooled serum, 
or be caused by a spectroscopic interference. In an attempt to resolve this problem, 
the serum samples from the previous experiment were re-run using 54Fe rather than 
57Fe. Interference problems exist on all of the Fe isotopes for ICP-MS (Table 3.8), 
but the higher isotopic abundance of 54Fe compared to 57Fe, could potentially reduce 
such effects (see Table 3.19 for a comparison of results). Results showed a marked 
reduction in iron concentrations using 54Fe, bringing them closer to those reported in 
the literature. There was no significant improvement in precision using 54Fe (4% for 
54Fe compared to 5% for 57Fe). A closer examination of the raw signal intensities 
showed that although the background signal for 54Fe was higher than for 57Fe (e.g. 
221724 cts sec' 1 and 112002 cts sec' 1 respectively), the blank to signal ratio for a 400 
pg l"1 standard was approximately 1:3 for 54Fe but only 1:2 for 57Fe, showing that 
sensitivity was improved using 54Fe. It was therefore decided that 34Fe would be used 
for all future serum measurements.
Table 3.19 Analysis of Pooled Serum by Dilution: Comparison of S4Fe and 57Fe
pg I' 1 n mean standard deviation rsd (%)
54Fe 7 2407 94 4
57Fe 7 5652 260 5
m ean =  arithmetic mean, rsd =  relative standard deviation
An inspection of the cadmium results showed that dilution improved the cadmium 
values when compared with the digestion method. However, the data showed too 
much variability, with many analyses giving values below the blank. Similarly, the 
cadmium calibrations showed that analyte signals for the standards were too close to 
the background signal to give a useable calibration. The old standard range (Table 
3.17) was therefore increased, to 0.25, 0.5, 1, 2 and 4 pg I'1. The blank was also 
found to be problematic as the cadmium measurements in the samples were close to 
those of the blank. It was therefore important to ensure that the blank produced as
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low a count rate signal as possible and that it was closely monitored during 
calibration. An analysis of four diluted pooled serum samples showed that these 
changes gave a significant improvement in cadmium values (Table 3.20).
Table 3.20: Cadmium Concentrations in Pooled Diluted Serum
Concentration^ Sample Number mean
(pg 1 *) 1 2 3 <4 ± sd
Cd 0.22 0.36 0.20 0.30 0.27 + 0.06
f see Section  3 .2 .3 .1  for details o f  isotopes used, m ean =  arithmetic mean, sd =  standard deviation
3.2.3.7 Matrix Matching of Standards
During the development of the dilution method for the preparation of blood serum it 
was noticed that signal intensities would drop when real samples were analysed. Since 
the standards were synthetic and contained no organic material or other matrix 
components such as sodium chloride, the drop in signal for the real samples was 
clearly a matrix effect. In an attempt to overcome this problem, experiments were 
undertaken in order to try and match the standard and sample matrices.
Opinions in the literature on the best calibration method to use when matrix effects 
are present vary widely. Some authors have demonstrated the ability of internal 
standards to correct for these matrix effects (Gerotto et al., 1995), but others have 
preferred to make some attempt to ‘match’ the matrix in the standard with that in the 
sample, thereby subjecting the standard to the same effects as the sample (Vanhoe et 
al., 1989 and 1989a; Delves and Sieniawska, 1997; Sieniawska et al., 1999). 
However, attempts to matrix-match standards produce other problems. For example, 
what exactly should be added in order to ‘match’ the matrix?
The ideal solution to the problem would be to have a sample matrix completely free 
from analyte which could then be spiked with known concentrations of analyte to 
make the standards. However, such a situation is unrealistic and is not usually 
achievable.
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The method of addition is a compromise on the ideal situation. This method uses real 
samples and spikes them with known analyte concentrations. Spiked and unspiked 
samples are then measured and the concentration in the sample calculated by 
extrapolation (Park et aL, 1990). However, extrapolation is not completely reliable 
and errors inevitably arise from this technique (Howard and Statham, 1993).
Another method is to prepare a synthetic solution that contains the main constituents 
of the sample matrix, specifically in terms of organic content and major electrolytes 
such as sodium and magnesium. This last method was used to investigate matrix- 
matching for the preparation of serum by dilution.
A commercial synthetic serum was found to contain 50 g I' 1 albumin, 30 g I' 1 globulin 
and 0.85% sodium chloride (Sigma-Aldrich, UK). A 10 ml synthetic serum was 
produced in the laboratory using the same proportions, diluted to volume with de­
ionised water. This was left for 30 minutes in order to give the lyophilised protein 
components time to dissolve properly. This was successful, but problems occurred 
when a standard was prepared from the synthetic serum. Due to the acidity of the 
standard solutions, the proteins in the synthetic serum de-natured. This did not 
normally occur when diluting with 1% HNO3, so clearly the standard solutions were 
more acidic than this. The above was repeated, but resulted in a similar outcome. The 
commercial synthetic serum was also found to denature in this way. It was therefore 
concluded that matrix-matching in this way was not practical. The method of addition 
would also suffer from these same problems and so was not used either.
In light of these findings, it is also possible that the strength of acid in the standards 
was causing the change in signal intensity, as opposed to the sample matrix. This is 
supported by other observations. Earlier experiments investigating the effect of 
sample dilution factors, for example, showed that a 1:20 dilution effectively reduced 
the effects of the sample matrix effects (see Section 3.2.3.6 and Figures 3.2 to 3.9), 
and so should not be the cause of the change in signal intensity. Recent literature 
reports have also described the effects of acid concentration on signal intensity, 
specifically relating to changes in analyte transport rate when acid type or
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concentration is changed significantly (Stewart and Olesik, 1998; Olesik et al., 
1999). For this reason it is clearly important that samples, blanks, standards and 
instrument wash-out solutions all contain the same acid concentration. If this is not 
possible, as appears to be the case for the more concentrated standard solutions, then 
sufficient time (i.e. several minutes) must be given for the instrument to reach a steady 
state after aspiration of these standards.
3.1.3.8 Optimisation of ICP-MS Conditions
A synthetic standard was prepared and run continuously together with the usual 
internal standard solution containing methanol. ICP-MS nebulizer flow rate and radio 
frequency forward power were then changed systematically in order to establish the 
optimum ICP-MS operating conditions. Five minutes was allowed after each 
parameter adjustment for the instrument to equilibrate and produce a steady signal. 
Peak intensities were measured for each of the analyte and internal standard isotopes 
after each equilibration period. Plots were then made for each isotope under the 
various operating conditions (Figures 3,10 to 3,19). The plots clearly showed that the 
optimum signal intensity was achieved for all but one of the isotopes at a forward 
power of 1.5kW and a nebulizer flow rate of 0.90 1 min"1. The plot for 54Fe was 
noticeably different to the others in that a large increase in signal intensity was 
observed at higher flow rates (> 0.95 1 min'1). This was probably due to a significant 
increase in argon-based polyatomic interferences at the higher flow rates from species 
such as 40Ar14N or 38Ar160. This was not observed for the other isotopes as they all 
lack major argon polyatomic interferences (40Ar40ArH2 on 82Se is a less abundant 
polyatomic species). If the signal values above 0.95 1 min' 1 flow rate are ignored for 
54Fe, a peak maximum can be seen at 0.90 1 min' 1 for 1.5kW forward power. This 
agrees with the peak maxima observed for the other isotopes. These operating 
conditions were used for all subsequent blood serum and follicular fluid measurements 
by ICP-MS.
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Figure 3.13: 66Zn Signal Optimisation for Diluted Blood Serum
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Figure 3.14: 74Ge Signal Optimisation for Diluted Blood Serum
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Figure 3.19: 2#9Bi Signal Optimisation for Diluted Blood Serum
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3.2.3.9 Long-Term Signal Stability Study
Long-term instrument stability was assessed for the blood serum dilution method. 
This was of particular concern for this method due to the potential of the undigested 
material to block tubing and glassware over time. A 50 ml aliquot of pooled serum 
was diluted to 500 ml with 1% HN03 and then aspirated continuously, together with 
the methanol internal standard solution.
Signal stability was assessed for six hours, with measurements taken every 5 minutes 
for the first 30 minutes and then every 10 minutes from then on (Tables 3.21 to 3.29 
and Figures 3.20 to 3.29). Signal stability was generally observed to deteriorate 
around 280 minutes. Throughout the experiment the plasma remained alight. A slight 
build-up of material was found afterwards inside the ICP sample injector which was 
possibly the cause of the instability.
Signal intensity was observed to increase with time for all measured analytes and 
internal standards. Small fluctuations were generally observed at the same times for 
both analyte and internal standard signals. These observations show that internal 
standard correction was suitable for correcting long-term signal drift and also for 
short-term signal fluctuations. This was demonstrated by correcting each analyte with 
its corresponding internal standard (Tables 3.21 to 3.29 and Figures 3.20 to 3.29). 
As a result of these corrections, analyte relative standard deviations for the whole 6 
hour experiment were shown to improve by an average of 2.5%. In general, using this 
method resulted in typical relative standard deviation values of ± 4%.
3.2.3.10 Follicular Fluid Dilution
Only a handful of authors in the literature have reported the trace element analysis of 
follicular fluid and of these, only a few gave details of sample preparation methods 
used. Ng et al., (1987), for example, used a simple dilution with water and 
Paszkowski et aL, (1996), measured the fluid directly without any dilution or pre­
treatment. Both of these authors used atomic absorption spectrometry for the 
determination of iron, copper and zinc in the follicular fluid.
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Table 3.21: 54Fe Signal Variation With Time for Diluted Blood Serum
« F e time (min) 0-30 30-60 60-120 120-180 180-240 240-300 300-360 0-360
Uncorrected mean (cts s ’) 337066 357120 363447 371521 373824 377302 384311 366630
std dev (cts s’1) 9681 5518 5004 5577 7449 11677 8431 16959
rsd (% ) 3 2 1 2 2 3 2 5
Corrected for Co 
Internal Standard
mean (cts s '1) 368107 365983 369671 369880 374719 370754 350506 367090
std dev (cts s'1) 5171 7863 6532 3271 5879 16203 9378 11492
rsd (% ) 1 2 2 1 2 4 3 3
-Uncorrected —• —Corrected for Co Variation
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Figure 3.20: ^Fe Signal Variation With Time for Diluted Blood Serum 
Table 3.22: 59Co Signal Variation With Time for Diluted Blood Serum
55Co time (min) 0-30 30-60 60-120 120-180 180-240 240-300 300-360 0-360
Internal Standard mean (cts s '1) 415898 443333 446639 456207 453100 463444 498256 454206
std dev (cts s '1) 10262 10356 7786 3974 2892 33734 14838 28149
rsd (° <>) 2 2 2 1 1 7 3 6
525000
500000
f, 475000
f  450000 
a
>9 425000 
1
$> 400000
375000 
0 120 180 240
Analysis Time (minutes)
Figure 3.21: 59Co Signal Variation With Time for Diluted Blood Serum
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Table 3.23: 65Cu Signal Variation With Time for Diluted Blood Serum
“ Cu time (min) 0-30 30-60 60 120 120-180 180-240 240-300 300 360 0-360
Uncorreoted mean (cts s '1) 336546 361130 366522 372020 372495 369649 382427 365784
std dev (cts s '1) 11478 9264 9292 3919 7027 13730 6662 16827
rsd (% ) 3 3 3 1 2 4 2 5
Corrected for Co 
Internal Standard
mean (cts s '1) 367474 369979 372713 370399 373392 363050 348783 366217
std dev (cts s '1) 3718 2762 5622 3789 5772 12433 7902 10477
rsd (% ) 1 1 2 1 2 3 2 3
- Uncorreoted —■ — Corrected for Co V ariation
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Figure 3.22: 65Cu Signal Variation With Time for Diluted Blood Serum 
Table 3.24: 66 Zn Signal Variation With Time for Diluted Blood Serum
66 Zn time (min) 0-30 30-60 60-120 120 180 180-240 240-300 300 360 0-360
Uncorrected mean (cts s '1) 132778 143121 144015 146602 150655 156816 165568 148738
std dev (cts s '1) 5432 3662 3395 1628 4074 9856 4366 11312
rsd (% ) 4 3 2 1 3 6 3 8
Corrected fo r Co 
Internal Standard
mean (cts s '1) 144963 146633 146448 145965 151026 153785 150995 148654
std dev (cts s '1) 2601 1761 1724 1740 4085 2016 4267 4304
rsd (% ) 2 1 1 1 3 1 3 3
- Uncorreoted - Corrected for Co Variation
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Figure 3.23: ^Zn Signal Variation With Time for Diluted Blood Serum
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Table 3.25: 74Ge Signal Variation With Time for Diluted Blood Serum
74g « time (min) 0-30 30-60 60 120 120-180 180-240 240 300 300 360 0-360
Internal Standard mean (cts s '1) 91687 99116 99106 100964 104267 106890 112002 102087
std dev (cts s '1) 3257 2971 2498 948 4439 6101 3424 7109
rsd (% ) 4 3 3 1 4 6 3 7
Analysis l im e  (minutes)
Figure 3.24: 74Ge Signal Variation With Time for Diluted Blood Serum
Table 3.26: 82Se Signal Variation With Time for Diluted Blood Serum
82S« time (min) 0-30 30-60 60-120 120-180 180-240 240 300 300-360 0-360
Uncorrected mean (cts s '1) 3620 3882 3795 4011 4021 4048 4242 3943
std dev (ots s 1) 184 113 115 124 87 268 123 253
rsd (% ) 5 3 3 3 2 7 3 6
Corrected for Ge 
Internal Standard
mean (cts s '1) 4030 4000 3910 4056 3945 3867 3868 3947
std dev (ots s' ) 143 131 121 , 133 225 141 99 152
rsd (% ) 4 3 3 3 6 4 3 4
Uncorrected — Corrected for Ge Variation
Analysis l im e  (minutes)
Figure 3.25: 82Se Signal Variation With Time for Diluted Blood Serum
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Table 3.27: 112Cd Signal Variation With Time for Diluted Blood Serum
n lCd time (min) 0-30 30-60 60 120 120-180 180-240 240-300 300-360 0-360
Uncorrected mean (ots s '1) 510 575 545 557 581 568 570 556
std dev (cts s '1) 37 38 21 25 27 30 30 37
rsd (% ) 7 7 4 5 5 5 5 7
Corrected for In 
Internal Standard
mean (cts s '1) 570 557 539 556 555 543 576 557
std dev (cts s '1) 46 36 26 31 23 28 28 32
rsd (°o) 8 7 5 6 4 5 5 6
- 1 'ncorrected — Corrected for In Variation
700
an
i
650
600
■g
Or
■**
550
2d 500
1
m
450
400
120 180 240
Analysis Time (minutes)
Figure 3.26: 112Cd Signal Variation With Time for Diluted Blood Serum
Table 3.28: usIn Signal Variation With Time for Diluted Blood Serum
,15In dine (min) 0-30 30-60 60-120 120-180 180 240 240 300 300-360 0-360
Internal Standard mean (cts s '1) 230473 265233 259788 257238 269207 268916 254383 256673
std dev (cts s '1) 14970 18471 6963 8344 11761 13251 3211 17059
rsd (% ) 6 7 3 3 4 5 1 7
Figure 3.27: n5In Signal Variation With Time for Diluted Blood Serum
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Table 3.29: 208Pb Signal V ariation W ith Time for Diluted Blood Serum
MSpb time (min) 0-30 30-60 60-120 120-180 180-240 240-300 300-360 0-360
Uncorrected m ean (cts s '1) 262 283 284 303 309 307 313 295
std dev (cts s '1) 19 15 15 18 8 15 12 23
rsd (% ) 7 5 5 6 2 5 4 8
C orrected for Bi 
Internal Standard
m ean (cts s '1) 290 297 295 300 302 300 286 295
std dev (cts s 1) 21 3 10 16 9 17 12 15
rsd (% ) 7 1 3 5 3 6 4 5
U ncorrected »  C orrected for Bi Variation
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Figure 3.28: 208Pb Signal Variation With Time for Diluted Blood Serum
Table 3.30: 209Bi Signal Variation With Time for Diluted Blood Serum
n»Bi time (min) 0-30 30-60 60-120 120-180 180-240 240-300 300-360 0-360
Internal Standard m ean (cts s’1) 8286 8735 8798 9253 9382 9381 10048 9160
std dev (cts s '1) 382 454 345 126 246 389 319 643
rsd (% ) 5 5 4 1 3 4 3 7
Figure 3.29: 209Bi Signal Variation With Time for Diluted Blood Serum
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Due to the similarity between blood serum and follicular fluid, the same method 
developed for blood serum was used for follicular fluid. Samples were diluted 10-fold 
with 1% nitric acid and then analysed by ICP-MS with on-line addition of an internal 
standard solution containing 5% methanol and 4 internal standards (50 pg I'1) in 1% 
nitric acid. Results for the analysis of a pooled follicular fluid sample can be seen in 
Table 3.31 below. Analyte concentrations were found to be lower than those for 
blood serum, a finding supported by several authors in the literature (Kiilholma et al., 
1986; Paszkowski et al., 1995; Paszkowski et al., 1996).
Table 3.31; Analysis of Follicular Fluid After Dilution and Using 5% Methanol
Concentration (pg I'1]
n = 3 Fe Cu Zn Se Cd Pb
mean 711 590 527 31.3 1.0 5.7
sd 76 10 53 4.1 0.1 0.7
rsd (%) 11 2 10 13 7 13
' see Section  3 .2 .3 .2  for details o f  isotopes used, m ean =  arithmetic mean, sd =  standard deviation, 
rsd =  relative standard deviation
Blood serum calibration standards were re-assessed and changes made to the iron 
concentrations to make them more compatible with diluted follicular fluid 
concentrations (Table 3.32).
Table 3.32: Calibration Standards for the Analysis of Diluted Follicular Fluid
Standard
Solution
Concentration (pg I"1)
Fe Cu Zn Se Cd Pb
1 50 25 25 1.25 0.25 0.625
2 100 50 50 2.50 0.50 1.250
3 200 100 100 5.00 1.00 2.500
4 400 200 200 10.00 2.00 5.000
5 800 400 400 20.00 4.00 10.000
Spike recoveries for this method were later undertaken during the method validation 
experiments (see Section 3.3.3),
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A number of authors have detailed the preparation of human semen and seminal 
plasma for trace element analysis. For the preparation of whole semen, nitric acid and 
perchloric acid have been used to digest the sample prior to analysis (Umeyama et 
al., 1986). Direct dilution with no digestion has also been reported (Madding et al., 
1986) and another paper detailed the use of tetra methyl ammonium hydroxide 
(TMAH) for solubilising the semen, before dilution with water (Wood et al., 1982). 
Other authors have preferred to avoid the use of whole semen. In these cases, seminal 
plasma was separated from the spermatozoa by centrifugation and then diluted. One 
study detailed a six-fold dilution of seminal plasma with deionised water for 
subsequent analysis by ICP-MS (Abou-Shakra et al., 1989) and another a ten-fold 
dilution for analysis by ET-AAS (Keck et al., 1995). Other studies have used similar 
centrifugation and dilution steps, but differ in the diluent used, especially where matrix 
modification was required for analysis by atomic absorption spectrometry (Pleban 
and Mei, 1983; Saaranen et al., 1987; Xu et al., 1993 and 1994; Oldereid et al., 
1994)
Method development began with simple dilution experiments. Since a lot of progress 
had already been made with dilution methods for blood serum and follicular fluid, it 
was decided to proceed in the same way with seminal plasma. This was also in 
agreement with information from the literature, as most seminal plasma methods 
included a dilution step of some sort and did not use digestion.
3.2.4.1 Preparation of a Pooled Seminal Plasma Sample
Seminal plasma was isolated from spermatozoa by centrifugation of whole semen 
samples at 13000 rpm for 15 minutes. The seminal plasma was then transferred by 
pipette into metal free tubes and the remains of the centrifuged sample discarded. A 
number of samples were prepared in this way and then pooled to produce a bulk 
sample for use in the method development experiments.
3.2.4 Preparation of Seminal Plasma
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3.2A.2 ICP-MS Parameters and Calibration for Seminal Plasma Analysis
An initial investigation was undertaken to assess the concentrations of iron, copper, 
zinc, selenium, cadmium and lead in seminal plasma. A semi-quantitative analysis was 
made with seminal plasma samples diluted 1:10 and 1:20 with 1% nitric acid. Semi- 
quantitative analysis enables trends and patterns in analyte peak intensities to be 
observed without relating the peak intensities to specific concentrations.
Results for this experiment showed that peak intensities for iron, copper, selenium, 
cadmium and lead were of a similar order to those previously observed for blood 
serum and follicular fluid. Zinc peak intensities on the other hand, were higher by 
several orders of magnitude. This was in agreement with the literature, where high 
concentrations of zinc were reported by a number of authors (Bertrand and 
Vladesco, 1921; Mawson and Fischer, 1956; Stankovic and Mikac-Devic, 1976; 
Saaranen et al., 1987).
The high zinc concentrations created several problems. The main difficulty was that 
zinc could not be measured at these concentrations using the ICP-MS multiplier 
detector, but had to be measured using the Faraday cup detector. Further sample 
dilution would have avoided this, but dilution would also have reduced the 
concentrations of the other analytes. This was unacceptable, as cadmium and lead 
concentrations were fairly close to blank levels already. Zinc could have been 
measured independently of the other elements, but there was an additional problem 
with the measurement of copper due to the size of the zinc peak at m/z 64. There was 
sufficient broadening of this peak to make the measurement of copper difficult at both 
m/z 63 and 65 using the multiplier detector. The solution was to measure both zinc 
and copper, along with 56Fe, on the Faraday cup detector.
The following isotopes were therefore measured on the respective detectors:
Faraday: 56Fe, 59Co, 63 Cu and 66Zn
Multiplier: 74Ge, 82Se, U2Cd, 115In, 208Pb and 209Bi
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Based on the levels observed in the previous experiment, calibration standards were 
made for the quantitative analysis of seminal plasma (Table 3.33).
Calibration
Table 3.33 Calibration Standards for Seminal Plasma Analysis
Standard
Solution
Concentration (pg f 1)
Fe Cu Zn Se Cd Pb
1 25 12.5 6250 2.5 0.25 0.25
2 50 25.0 12500 5.0 0.50 0.50
3 100 50.0 25000 10.0 1.00 1.00
4 200 100.0 50000 20.0 2.00 2.00
5 400 200.0 100000 40.0 4.00 4.00
Internal standardisation was carried out in the same way as for blood serum and 
follicular fluid. Cobalt, germanium, indium and bismuth were added on-line at a 
concentration of 50 pg I' 1 via a T-piece to give a 50:50 dilution of the sample 
solution. The internal standard solution contained 5% methanol in 1% nitric acid.
3.2.4.3 Seminal Plasma Dilution
Two different dilution factors were compared for the analysis of seminal plasma by 
ICP-MS. A 1 ml aliquot of seminal plasma was diluted to 5 ml with 1% nitric acid and 
then analysed with on-line addition of internal standard, giving a 10-fold dilution 
factor. This was then repeated with a 20-fold dilution factor. Five samples were 
analysed for each dilution factor (see Tables 3.34 and 3.35 for results).
Table 3.34: Analysis of Pooled Seminal Plasma (10-fold Dilution)
Concentration1' (pg F1}
n = 5 Fe Cu Zn Se Cd Pb
mean 328 80 133000 48.0 0.4 1.1
sd 71 4 6000 2.4 0.1 0.2
rsd (%) 22 5 4 5 15 15
 ^ see Section  3 .2 .4 .2  for details o f  isotopes used, m ean =  arithmetic mean, sd =  standard deviation, 
rsd =  relative standard deviation
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Table 3.35: Analysis of Pooled Seminal Plasma (20-fold Dilution)
Concentrationr (pg I"1'
n = 5 Fe Cu Zn Se Cd Pb
mean 528 181 159000 69.3 0.6 1.5
s.d 15 1 4000 0.4 0.1 0.3
rsd (%) 3 3 3' 3 17 17
see Section  3.2A.2 for details o f  isotopes used, m ean =  arithmetic mean, sd  =  standard deviation, 
rsd =  relative standard deviation
A comparison of the two dilution factors shows that relative standard deviations are 
better for iron, copper, zinc and selenium using a 20-fold dilution. This was probably 
due to the reduction of matrix effects. Precision for cadmium and lead was slightly 
reduced using the 20-fold dilution, possibly because the concentrations were closer to 
the detection limit.
Further comparisons were made between these two dilution factors during the method 
validation experiments (Section 3.3.4),
3.3 Method Selection and Validation
The methods developed in the previous sections for scalp hair, blood serum, follicular 
fluid and seminal plasma needed closer evaluation so that the most suitable method for 
each material could be selected. Where two or more alternative methods showed 
potential, validation checks were used to compare the methods and aid the selection 
process. Such validation checks also served to confirm the suitability of a method for 
its designed purpose and to check for problems which may not have been apparent 
during the development stages.
3.3.1 Selection and Validation Procedures
A number of checks can be employed during validation, each designed to examine a 
different aspect of the method, such as accuracy, precision and detection limits. These 
checks include spike recoveries and the analysis of reference materials.
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3.3.1.1 Spike Recoveries
The efficiency of a method for recovering the analyte in a sample can be assessed 
through the use of spike recoveries. A standard of known concentration (typically of 
the same order as normal sample concentrations), is prepared and added to the sample 
before sample preparation. Samples spiked in this way are then prepared and analysed 
in exactly the same way as unspiked samples. Spike recoveries can then be assessed 
by subtracting the mean measured analyte levels in unspiked samples from those in 
spiked samples and then comparing the measured spike concentration with the 
theoretical spike concentration (i.e. the concentration in the original standard) to give 
a percentage spike recovery (Eqn. 3.2).
% Spike Recovery = Measured spike concentration x 100 Equation 3.2 
Theoretical spike concentration
An analyte spike recovery of 100% ± 10% was deemed acceptable for the validation 
of a method, though ideally values should be within ± 2% (Vandecasteele and Block, 
1993).
3.3.1.2 Reference Materials
Reference materials are used to assess the accuracy of an analytical method or 
procedure. Such materials can be divided into two main groups; (i) reference materials 
(RMs) produced by a laboratory for its own use and/or for use in interlaboratory 
comparison studies and (ii) certified reference materials (CRMs) which are produced 
by an external laboratory or organisation and whose properties are formally 
guaranteed or certified (Caroli, 1993). The trace element content of RMs is usually 
assessed internally through multiple measurements using the same method and same 
instrumentation, though comparison with other techniques and other laboratories can 
be used to aid this process. Trace elements in CRMs are assessed in much the same 
way, but to higher standards, with every stage of the analysis under the strict control 
of the organising body (Caroli, 1993; Howard and Statham, 1993).
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Once the trace element content of a material has been established (usually published as 
a mean value together with the range or standard deviation for CRMs), it can be used 
as a quality control check for routine analyses or can be employed as a means of 
validating new or modified methods and procedures. Measured values should ideally 
fall within the certified range for a material and lie as close to the mean as possible 
(Caroli, 1993; Howard and Statham, 1993).
Table 3.36: Certified Biological Reference Materials (Quevauviller et al., 1992; 
Zeisler et al., 1995; Yoshinaga et al., 1997; Sero AS, 1998)
Material Certified Elements^ Supplier / Certifying Organisation
Human Scalp Hair
BCR-CRM  397 Cd, H g, Pb, Se, Zn, (A s, Cu, N i) Institute for Reference M aterials and  
M easurements, Geel, B elgium
GBW  07601 A g, A s, Ba, B e, B i, Ca, Cd, Ce, Co, 
Cr, Cu, Fe, H g, La, Li, M g, M n, 
M o, N , N a, N i, P, Pb, S, Sb, Sc, Se, 
Si, Sr, T i, Y , Z n, (Au, B , Br, Dy, 
Eu, K, Sm)
N ational Research Centre for Certified  
Reference M aterials, B eijing, China
G BW  09101 A l, A s, Ca, Cd, Co, Cr, Cu, Fe, Hg, 
M g, M n, N a, N i, Pb, Se, Sr, Zn, 
(A g, Ba, Br, Cl, I, K , La, M o, P , S, 
Sb, Sc, V)
National Research Centre for Certified 
Reference M aterials, B eijing, China
N IES CRM 13 A l, As, Ba, Ca, Co, Fe, M g, Mn, 
Cd, Cu, H g, Pb, Sb, Se, Zn, (A g, 
Na, S, V)
N ational Institute for Environm ental 
Ibaraki, Japan
Human Blood Serum (lyophilised)
BCR-CRM  303 
and 304
Ca, L i, M g Institute for Reference M aterials and 
M easurements, Geel, B elgium
GBW  09135 Ca, Cu, Fe, M g, Pb, Zn N ational Research Centre for Certified 
Reference M aterials, B eijing, China
2nd Generation A l, A s, Br, Cd, Co, Cr, Cs, Cu, Fe, 
M n, M o, Rb, Se, Zn, (Li, N i, Sn, 
Sr, V)
U niversity Hospital o f  Ghent, Ghent, 
B elgium
SRM  9 0 9 a -l 
and 909a-2
Ca, Cl, K, Li, M g, N a N ational Institute o f  Standards and  
T echnology, Gaithersburg, M D , U S A  ■
Seronorm® - 
various batches
A l, Ca, Cr, Co, Cu, F, Fe, M n, M g, Sero A S, B illingstad, Norway and
N i, P , K, Se, S, N a, Zn Pharma A S, O slo, Norway (co-production)
1 Noil-Certified elem ents are show n in  brackets
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Due to the high standards required for the production of CRMs, such materials 
require large investments in terms of time and resources. As a result of this, the 
materials available are somewhat limited. Other limiting factors are the lifetime of the 
materials (especially for biological materials) and the finite quantities produced. Table 
3.36 summarises the CRMs available that are relevant for use in this study. No 
follicular fluid or seminal plasma reference materials were available.
3.3.1.3 Precision
Precision for selected methods was assessed through multiple analyses of the pooled 
samples (scalp hair, blood serum, follicular fluid and seminal plasma) that were 
prepared for use in this study, or through multiple analyses of certified reference 
materials (see also Section 2.6.2). Relative standard deviations were used to quantify 
the precision, with values of less than ± 10% deemed as acceptable.
3.3.1.4 Limit of Detection
Limit of detection was assessed through multiple (ten or more) measurements of the 
method blank (i.e. prepared in the same way as for samples, but without the addition 
of the sample matrix) (see also Section 2.6.3), Three times the standard deviation of 
the mean blank concentration was then used as the limit of detection.
3.3.2 Scalp Hair
Method development for scalp hair showed the potential of dry ashing and wet 
digestion for the preparation of scalp hair (Section 3.2.2.S), These were assessed 
using spike recoveries and reference materials. A further dry ashing method was also 
assessed. This involved the addition of 5 ml of 5% nitric acid to the weighed scalp 
hair samples before they were placed in the muffle furnace. This modification to the 
basic dry ashing procedure was suggested by a conference delegate as a result of 
reading a poster presentation which detailed the problems with hair analysis by ICP- 
MS. It was thought that the addition of acid would help to reduce the loss of volatile 
compounds during ashing (Robb, 1996).
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Scalp hair samples were spiked with the following concentrations before preparation 
using the different methods (Table 3.37). Spike solutions were made up in 1ml 
volumetric flasks, and these poured directly onto the weighed hair samples (~ 500 ± 
20 mg was used).
3.3.2.1 Spike Recoveries
Table 3.37: Spike Concentrations used for Scalp Hair
mg kg 1 Al V Cr Mn Fe Co Ni Cu Zn Mo Cd Pb
‘N orm al’ Hair1 5 0.1 1 1.5 35 0.25 0.8 20 175 0.15 0 .2 5
Spike 50 2 .0 10 10.0 100 0.50 3.0 50 300 0 .50 0.5 3
Table 3.38: Percentage Spike Recoveries from Scalp Hair using Different 
Preparation Methods
% Wet Digestion Dry Ashing
Element no acid added 5% nitric acid added
Al 95 144 125
V 2883 109 101
Cr 193 82 90
Mn 90 99 108
Fe 94 91 94
Co 92 99 95
Ni 71 68 68
Cu 89 80 87
Zn 107 95 104
Mo 72 94 95
Cd 21 96 97
Pb 55 77 95
Following wet digestion, four elements gave spike recoveries within the desired range 
(90-110%). Seven elements were within range for the dry ashing method (no acid 
added) and nine for the dry ashing method using 5% nitric acid addition. The addition 
of acid prior to ashing therefore gave better spike recoveries compared to the other 
methods, with a greater number of elements within the desired range. Spike recoveries 
clearly showed problems with vanadium and chromium using wet digestion, 
confirming the findings of the earlier experiments (see Section 3.2.2.S), Spike 
recoveries for the dry ashing methods showed that there were problems with
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aluminium and nickel. Since these did not occur with wet digestion, the problem is 
probably linked with the use of the muffle furnace. The lining of the furnace could be 
the cause of aluminium contamination and nickel is perhaps being lost due to the high 
temperature used for ashing (~500°C).
3.3.2.2 Reference Materials
Five hair CRM samples (GBW 09101) were prepared by each method (dry ashing 
with no acid added, dry ashing with addition of 5% HNO3 and wet digestion). The 
reference hair was dried prior to preparation as detailed in the CRM certificate of 
analysis. After preparation, samples were made up to volume in 50 ml volumetric 
flasks, with 50 pg I' 1 indium internal standard included in the volume. Samples were 
then analysed by ICP-MS. A summary of the results can be seen in Table 3.39.
Assessment of the results for each method showed that some, but not all, of the 
measured values were within the certified standard deviation ranges (indicated by ** 
in Table 3.39). The standard deviations of other measured values were found to 
overlap with the certified standard deviation ranges (* in Table 3.39) while the 
remaining values did not overlap at all. A comparison of these results showed that dry 
ashing without acid addition gave the poorest results in terms of agreement with 
reference values (Table 3.40). Dry ashing with the addition of 5% HN03 gave better 
agreement, but wet digestion gave the best results. Vanadium and molybdenum had 
non-certified values for the reference hair. However, the dry ashing methods gave the 
closest agreement to these non-certified values. Vanadium results for wet digestion 
were extremely high, again supporting the observations in previous experiments which 
concluded that a chlorine interference was the cause of the high values (see Sections
3.2.2.S and 3.3.2.1). These previous experiments also showed high chromium values 
for wet digestion. This was not found to be so significant for the reference hair, 
perhaps because the certified chromium concentration in the reference hair was much 
higher than those found in the pooled hair samples and as such, the measured signal 
was significantly higher than any possible interference signal. The close agreement of 
the measured and certified chromium values by wet digestion should, however, be 
viewed with some caution.
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Table 3.39: Comparison of Scalp H air Preparation Procedures using CRM
GBW 09101 Reference Hair (mg k g1)
mg kg1 Dry Ashing Wet
Digestion
Certified
ValuestElement no acid added 5% HN03
Al mean 22.1 o © * \4 7 ** 13.3
sd 3.1 1.1 2.1 2.3
rsd (%) 14 11 14
V mean 0.052 0.042 13.1 10.0691
sd 0.002 0.004 0.6 -
rsd (%) 4 10 4
Cr mean 3.35 3.11 4.88 ** 4.77
sd 0 .37 0 .08 0.18 0 .38
rsd (%) 11 3 4
Mn mean 2.66 2.25 2.45 2.94
sd 0.05 0.11 0.22 0 .20
rsd (%) 2 5 9
Fe mean 38.8 65.6 ** 59.8 * 71.2
sd 2.0 9.5 17.6 6.6
rsd (%) 5 14 29
Co mean 0.097 0.095 0.093 0.135
sd 0.005 0 .012 0.001 0 .008
rsd (%) 5 13 1
Ni mean 3.02 ** 5.35 3.04 ** 3.17
sd 0.95 1.65 0 .74 0.40
rsd (%) 31 25 24
Cu mean 21.7 ** 21.3 * 23.0 ** 23.0
sd 2.0 1.1 2.9 1.4
rsd (%) 9 5 13
Zn mean 196 ** 232 189
sd 4 2 22 8
rsd (%) 2 1 9
Mo mean 0.49 0.49 0.24 10.581
sd 0.02 0.01 0.01 -
rsd (%) 4 2 4
Cd mean 0.208 * 0.149 * nd 0.095
sd 0.183 0.073 - 0 .012
rsd (%) 88 49 -
Pb mean 9.1 * 8.1 * * 00 SO » 7.2
sd 2.3 0.5 2.0 0.7
rsd (%) 25 7 22
t N on-certified values are show n in  brackets, m ean =  arithmetic mean, sd =  standard deviation, rsd =
relative standard deviation, nd =  not determ ined, ** measured m ean w ith in  certified standard 
deviation, * measured standard deviation overlaps w ith certified standard deviation
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Table 3.40: Summary of Results for the Analysis of CRM GBW 09101 
Reference Hair
Agreement with Certified Values*
Method good** less good* poor
Dry ashing (no acid added) Ni, Cu, Zn Cd, Pb Al, Cr, Mn, Fe, Co
Dry ashing (5% HNO3 added) Fe, Zn, Pb Al, Cu, Cd Cr, Mn, Co, Ni
Wet digestion Al, Cr, Ni, Cu Fe, Pb Mn, Co, Zn, Cd
f V  and M o results were not included as the CRM  values are non-certified, ** measured m ean within  
certified standard deviation, * measured standard deviation overlaps w ith certified standard deviation
3.3.2.3 Precision
Five portions of a pooled scalp hair sample were prepared using the dry ashing 
method with the addition of 5% HNO3 (3 ml) prior to ashing. Results for this 
experiment can be seen in Table 3.41. This experiment was not repeated for wet 
digestion or dry ashing without acid addition as this had already been undertaken 
(using a different pooled hair sample) during the method development experiments 
(see Section 3.2.2.S, Tables 3.6 and 3.7).
Table 3.41: Pooled Scalp Hair Concentrations Using Dry Ashing with Addition 
of 5% HNO3
s 11 m Mean Standard Deviation RSD
Element mg kg 1 mg k g1 %
Al 7.0 0.3 4
V 0.021 0.002 9
Cr 0.19 0.02 11
Mn 0.31 0.01 4
Fe 98.5 18.5 19
Co 0.039 0.011 27
Ni 12.1 6.1 50
Cu 26.3 0.9 4
Zn 202.2 3.1 2
Mo 0.017 0.006 33
Cd 0.39 0.05 12
Pb 0.61 0.07 12
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To assess the precision of the three preparation methods (wet digestion, dry ashing 
and dry ashing with 5% HNO3 addition), the relative standard deviations from the 
analysis of reference hair and pooled scalp hair samples were compared (Table 3.42).
It can be seen from these results that precision was generally better for the certified 
reference hair, irrespective of the preparation method used. This was probably due to 
homogeneity factors as the reference hair was powdered but the pooled scalp hair 
samples were only cut into small pieces using scissors, and as such were probably less 
homogeneous (see Section 3.2.2.1). Of the three methods, dry ashing with addition of 
5% H N O3 gave the best precision for most of the measured elements.
Table 3.42: Comparison of Relative Standard Deviations for Pooled Hair and
Reference Hair Samples Prepared using Different Methods1
Dry Ashing Wet Digestion
no acid added 5% HNO3 added
Element pooled hair reference pooled hair reference pooled hair reference
Al 10 14 4 11 24 14
V 8 4 9 10 7 4
Cr 17 11 11 3 14 4
Mn 9 2 4 5 8 9
Fe 10 5 19 14 24 29
Co 8 5 27 13 5 1
Ni 40 31 50 25 27 24
Cu 9 9 4 5 9 13
Zn 3 2 2 1 4 9
Mo 32 4 33 2 21 4
Cd 50 88 12 49 92 nd
Pb 43 25 12 7 23 22
1 V alues taken from Tables 3 .6 ,3 .7 ,3 .39  and 3.41, nd =  not determined
3.3.2.4 Summary of Method Validation for Scalp Hair
Of the two dry ashing methods, the one using addition of 5% HNO3 before ashing 
gave better spike recoveries, better agreement with reference values and better 
precision. However, it should be noted that nickel analysis using this method was
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generally poor, possibly due to loss of volatile compounds of nickel at the high ashing 
temperatures. Wet digestion also performed fairly well, but there was evidence of 
interference problems for vanadium and chromium. Cadmium results were also poor 
using this technique. Dry ashing with addition of 5% HNO3 was therefore selected as 
the most suitable of the developed methods for the preparation of scalp hair.
3.3.2.S Limit of Detection
The limit of detection for the selected scalp hair method was assessed from ten 
measurements of a blank sample. Where several isotopes were normally measured 
(e.g. for copper, zinc and lead) the most abundant was used for this experiment.
Table 3.43: Limit of Detection (LOD) for Scalp Hair Prepared by Dry Ashing
with Addition of 5% HNO3 (250-fold Dilution Factor)
Typical Concentrations1 LOD in Solution 
(fig !1)Element In Sample (pg kg ‘) In Solution1 (pg I 1)
Al 5-25 < 2 0 - 100 3
V 0.05 - 0.50 0.2 - 2.0 0.04
Cr 0.5 -2.5 2 - 10 0.2
Mn 1 -3 4 -1 2 0.07
Fe 20-50 80 - 200 22
Co 0.1 - 0.8 0.4-3.2 0.04
Ni 0.5 -2.0 2 - 8 4
Cu 15 - 35 60 - 140 5
Zn 160 - 220 640 - 880 26
Mo 0.08-0.50 0.32-2.00 0.09
Cd 0 .2 - 2.0 < 0 .8 - 8.0 0.3
Pb 5- 25 < 2 0 - 1 0 0 2
1 values taken from Table 3.2, * ~ 0.2 g of liair ciluted to 50 ml, hence divide sample range by 250 to
give range in solution
Detection limits for all twelve elements were below the expected concentrations in 
solution. Several of the elements did, however, come quite close to their limit of 
detection at the lower end of their expected ranges (iron, nickel and cadmium). The
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effect of this could also be seen in the higher relative standard deviations observed for 
these elements in the previous sections.
3.3.3 Blood Serum and Follicular Fluid
Method development for blood serum showed the potential of sample preparation by 
dilution and also by wet digestion, both with the addition of 5% methanol (Sections
3.2.3.3, 3.2.S.4 and 3.2.3.6), Hydride generation was also investigated for the analysis 
of selenium (Section 3.2.3.S), These methods were assessed using spike recoveries 
and reference materials.
3.3.3.1 Spike Recoveries
Serum and follicular fluid samples were spiked at the following concentrations before 
preparation (Tables 3.44 and 3.45, respectively). Concentrated spike solutions (ten 
fold higher than the spike) were made up in 50 ml volumetric flasks. 0.1 ml of the 
concentrated spike was then added to the 1 ml samples prior to sample preparation. 
After preparation, samples were analysed with on-line addition of the four internal 
standards (50 pg I' 1 cobalt, germanium, indium and bismuth), together with 5% 
methanol.
Table 3.44: Spike Concentrations used in Blood Serum Recovery Experiments
Concentration (gg I"1) i
Fe Cu Zn Se Cd Pb
typical value1 2407 1070 1039 74.7 0.27 7.0
spike 2500 1000 1000 100.0 2.00 10.0
1 values taken from  T ab les 3 .18 , 3 .19  and 3 .20
Table 3.45: Spike Concentrations used in Follicular Fluid Recovery Experiment
Concentration (gg I'1)
Fe Cu Zn Se Cd Pb
typical value1 711 590 527 31.3 1.0 5.7
spike 1000 1000 1000 100 2.00 10
1 values taken from  T ab le  3.31
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Spike recoveries for the various blood serum methods were compared (Table 3.46). 
Results showed that recoveries were within the desired range (90-110%) for iron, 
copper and selenium using both digestion and dilution; and for zinc, cadmium and 
lead using dilution only. Digestion gave zinc recoveries which were slightly low and 
cadmium and lead recoveries which were high. Selenium recoveries for hydride 
generation were slightly low. This latter observation was also reported by Rayman et 
al., (1996) using hydride generation ICP-MS.
Table 3.46: Percentage Spike Recoveries for Blood Serum Digestion, 1:20
Comparison Between Serum Digestion, 1:20 Dilution and Hydride Generation
Dilution and Hydride Generation (HG)
% Fe Cu Zn Se Cd Pb
Digestion 102 91 89 95 548 246
Dilution 105 100 107 97 95 104
HG nv nv nv 89 nv nv
t see Section  3 .2 .3 .2  for details o f  isotopes used, nv =  no value
Follicular Fluid
Spike recoveries for 1:20 diluted follicular fluid were assessed (Table 3.47). Results 
showed that recoveries were within the desired range (90-110%) for all six elements.
Table 3.47: Percentage Spike Recoveries for Diluted (1:20) Follicular Fluid1
Fe Cu Zn Se Cd Pb
% recovery 103 97 99 96 98 94
' see Section  3 .2 .3 .2  for details o f  isotopes used
3.3.3.2 Reference Materials
Three blood serum CRM samples (Seronorm®, batch 704121) were prepared by each 
method (1:20 dilution and wet digestion). The Seronorm® was reconstituted with de­
ionised water prior to preparation, as detailed in the CRM certificate of analysis. After 
preparation, samples were analysed with on-line addition of the four internal standards 
(50 [o.g I' 1 cobalt, germanium, indium and bismuth), together with 5% methanol.
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Samples were then analysed by ICP-MS. A summary of the results can be seen in 
Table 3.48.
Table 3.48: Analysis of Seronorm® using Blood Serum Digestion and Dilution
Methods
pg I 1 Digestion 1:20 Dilution Certified Values1
Element1 mean sd rsd (%) mean sd rsd (%) mean range
Fe 1766 264 15 1281* 166 13 1100 1040-1140
Cu OO 15 1 1243** 49 4 1300 1190-1380
! Z n 1444** 61 4 1452** 54 4 1480 1350-1670
Se 90** 1 1 81** 3 4 80 70-92
Cd 31.51 3.41 11 0.23 0.06 26 - -
Pb 32.51 18.15 56 0.97 1.04 107 - -
t Seronorm® Batch 704121 (there were no certified values for cadm ium  or lead), * see Section  3 .2 .3 .2  
for details o f  isotopes used, m ean =  arithm etic m ean, sd =  standard deviation, rsd =  relative standard 
deviation, ** measured m ean w ith in  certified range, * measured standard deviation overlaps w ith  
certified range
Assessment of the results for the two methods showed that copper and zinc using 
digestion; and copper, zinc and selenium using dilution were within the certified 
ranges. The standard deviation of selenium by digestion and iron by dilution were 
found to overlap with the certified standard ranges, while iron by digestion did not 
agree with the certified range at all. The remaining values (for cadmium and lead) 
could not be assessed as certified values were not available.
Analysis of Seronorm® by hydride generation also gave very good agreement with 
certified values for selenium (Table 3.49).
Table 3.49: Hydride Generation Results for Selenium in Digested Seronorm®
pgr1 Mean Standard Deviation
Seronorm® measured 80.1 0.3
certified 80 70 - 92*
t see Section  3 .2 .3 .2  for details o f  isotope u se d , * certified range for Seronorm® Batch 704121 , m ean  
=  arithmetic m ean
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To assess the precision of the different preparation methods (wet digestion, dilution 
and hydride generation), the relative standard deviations from the analysis of 
Seronorm®, pooled serum and pooled follicular fluid samples were compared (Table 
3.50).
3.3.3.3 Precision
Table 3.50: Comparison of Relative Standard Deviations for Pooled Serum, 
Follicular Fluid and Seronorm® Samples Prepared using Different 
Methods1
Fe Cu Zn Se Cd Pb
Blood Serum % % % % % %
Digestion pooled 3 2 8 10 134 64
Seronorm® 15 1 4 1 11 56
Dilution pooled 4 7 5 4 22 17
Seronorm® 13 4 4 4 26 107
Hydride pooled - - - 10 - -
Seronorm® - - - 1 - - !
Follicular Fluid
Dilution pooled 11 2 10 13 7 13
f V alues taken from Tables 3.13,3.18, 3 .1 9 ,3 .2 0 ,3 .31 , 3.48 and 3.49
These results showed that precision levels were generally acceptable for copper, zinc 
and selenium for all of the samples and methods compared. The precision of iron 
measurements was also acceptable, but was better for pooled samples than for 
Seronorm®. Cadmium and lead showed generally poor precision for all methods, 
though values for follicular fluid were better than those for pooled serum or 
Seronorm®. Pooled serum precision for cadmium and lead was better by dilution than 
by digestion.
3.S.3.4 Summary of Method Validation for Blood Serum and Follicular Fluid
The analysis of copper, zinc and selenium in blood serum was generally good for both 
the digestion and the dilution method. Spike recoveries for these three elements were 
within the desired range of 90-110% for both methods (with the exception of copper 
by digestion, which was just below this range). Measured Seronorm® values also
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agreed well with certified values and precision ranged between 1 and 10%. Analysis 
of selenium by hydride generation also gave good agreement with the certified value. 
Analysis of iron was better by dilution than by digestion for Seronorm®, though spike 
recoveries and precision were similar. Cadmium and lead analysis was also better by 
dilution, with good spike recoveries and reasonable precision compared with 
digestion. Analysis of follicular fluid was shown to be excellent using the dilution 
method, with good spike recoveries, good precision.
With these findings in mind, the 1:20 dilution method (with on-line addition of 5% 
methanol and 4 internal standards) was selected for the preparation of blood serum 
and follicular fluid. Not only did this method give good results, but it was also quick 
and easy to perform and was less likely to suffer from analyte loss or contamination.
33.3.5 Limits of Detection
The limits of detection for the six elements using the selected blood serum method 
were assessed from ten measurements of a blank sample. The limit of detection was 
compared with typical sample concentrations, before and after dilution, in Table 3.51,
Table 3.S1: Limits of Detection for Blood Serum and Follicular Fluid after 1:20 
Dilution Compared with Typical Sample Concentrations
Typical Concentrations* (gg I1)
Fe Cu Zn Se Cd Pb
Blood serum sample1 2407 1070 1039 74.7 0.3 7.0
Follicular fluid sample1 711 590 527 31.3 i:o 5.7
Blood serum after dilution 120 54 52 3.74 0.01 0.35
Follicular fluid after dilution 36 30 26 1.56 0.05 0.29
Limit of detection 10 2 2 0.10 0.04 0.10
* see S ection  3 .2 .3 .2  for details o f  isotope used, 1 values taken from  T ab les 3 .18 , 3 .19  and 3 .2 0 , * 
values taken from  T ab le  3.31
Results showed that the limit of detection was well below the typical analyte levels in 
solution for five out of the six elements studied in blood serum. Due to the lower 
analyte concentrations in follicular fluid, values were closer to the limit of detection,
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especially iron. Cadmium analyte levels generally fell below the limit of detection for 
blood serum and are only slightly above for follicular fluid. The analysis of cadmium 
levels using this method was therefore not ideal. However, samples with higher 
cadmium concentrations (that is above 1 pg I' 1 in the undiluted sample) were still 
measurable with some degree of confidence.
3.3.4 Seminal Plasma
Method development for seminal plasma showed the potential of sample preparation 
by dilution for two different dilution factors and the on-line addition of 5% methanol 
(Section 3.2.4.3), These methods were assessed using spike recoveries and reference 
materials.
3.3.4.1 Spike Recoveries
Preparation of seminal plasma by dilution was assessed through the use of spike 
recovery experiments. Pooled seminal plasma samples were spiked with a 
multielement standard solution of fixed concentrations (Table 3.52), and these then 
compared with unspiked samples after dilution and analysis by ICP-MS. Two different 
dilution levels were assessed. In the first, a 1 ml sample was diluted to 5 ml with 1% 
nitric acid and in the second, a 1ml sample was diluted to 10 ml with 1% nitric acid. 
After further on-line dilution with the internal standard solution, this gave a 1:10 and a 
1:20 dilution. Results can be seen in Table 3.53,
Table 3.52: Spike Concentrations used in Seminal Plasma Recovery
Experiments
Concentration (gg I"1)
Fe Cu Zn Se Cd Pb
typical value1 328 80 133000 48 0.4 1.1
spike 200 100 150000 50 1 1
t values taken from T ab le  3 .34
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Table 3.53: Percentage Spike Recoveries for Diluted Seminal Plasma
% Spike Recovery1
Dilution Fe Cu Zn Se Cd Pb
1:10 1 1 1 102 89 102 77 86
1:20 104 94 99 87 92 105
+
see Section  3 .2 .4 .2  for details o f  isotopes used
Results for the two different dilutions showed that five out of the six elements were 
within the desired 90-110% recovery range for the 1:20 dilution, compared to only 
two out six for the 1:10 dilution. Of the two dilutions studied, the 1:20 dilution 
therefore gave the best spike recoveries. Greater dilution of the organic material in the 
samples was probably the significant factor in achieving better recoveries for the 1:20 
dilution (see Section 3.2.3.6).
3.3.4.2 Reference Materials
As no certified reference materials were available for seminal plasma, Seronorm® 
(blood serum) CRM was used. Three samples were prepared for each dilution. 
Seronorm® was reconstituted prior to preparation with de-ionised water, as detailed in 
the certificate of analysis. Results can be seen in Table 3.54.
Table 3.54: Analysis of Seronorm® using the Seminal Plasma Method at Two 
Dilutions
Hg r 1 1:10 Dilution 1:2 0 Dilution Certified valuest
E lem en t+ m ean sd rsd  (% ) m ean sd rsd (% ) m ean range
Fe 1470 70 5 1370 40 3 1200 1200-1300
Cu 1230** 120 10 1160* 90 8 1280 1180-1320
Z n 7110 50 1 15370 410 3 1500 1370-1870
Se 91 4 4 80** 8 10 78 75-84
Cd 0.60 0 .09 15 0.36 0.18 50 0.51* ± 0 .1 3 *
Pb 1.56 0.08 5 0.34 0 .17 50 0.81* ± 0 .1 9 *
1 Seronor"'1 Batch 605113, * V alues obtained using  another ICP-MS instrument, included as 
information values only (C h urch m an , 1998). + see Section  3 .1 .4 .2  for details o f  isotopes used, m ean  
=  arithmetic mean, sd =  standard deviation, rsd =  relative standard deviation, ** measured m ean  
w ithin  certified range, * measured standard deviation overlaps w ith certified range
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Results for Seronorm® were generally poor, with only a few values for either dilution 
showing agreement with certified values. Zinc results were particularly poor, but this 
was not a surprise due to the concentrations in Seronorm® falling far below the range 
of the calibration standards (which were high due to the high concentrations of zinc in 
seminal plasma). This highlighted the problem of using a serum reference material for 
the validation of a seminal plasma method.
3.3.4.3 Precision
To assess the precision of the two dilution methods, the relative standard deviations 
from the analysis of Seronorm® and pooled seminal plasma were compared (Table 3. 
55).
Table 3.55: Comparison of Relative Standard Deviations for Pooled Seminal 
Plasma and Seronorm® Samples Prepared using Two Different 
Dilutions*
Fe Cu Zn Se Cd Pb
Seminal Plasma % % % % % %
1:10 Dilution pooled 22 5 4 5 15 15
Seronorm® 5 10 1 4 15 5
1:20 Dilution pooled 3 3 3 3 17 17
Seronorm® 3 8 3 10 50 50
t values taken from T ables 3 .34 , 3 .35  and 3 .54
Results showed that the 20-fold dilution gave better precision levels for the analysis of 
iron, copper, zinc and selenium in pooled seminal plasma. Seronorm® precision was 
also good for iron and copper using this dilution factor, but zinc, selenium, cadmium 
and lead were better for the 10-fold dilution. Pooled seminal plasma precision using 
the 1:10 dilution was better for cadmium and lead. This was probably due to the 
higher analyte levels as concentrations at both dilutions were near to the detection 
limit.
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5.3.4.4 Summary of Method Validation for Seminal Plasma
Analysis of seminal plasma for iron, copper, zinc and selenium was acceptable using 
the 1:20 dilution. Cadmium and lead results were generally poor for both dilutions, 
though slightly better for the 1:10 dilution. This was probably due to the close 
proximity of the detection limit for cadmium and lead, an effect which was reduced 
with the 1:10 dilution. The 1:20 dilution was selected as being most suitable for the 
analysis of seminal plasma by ICP-MS. Although the 1:10 dilution gave higher analyte 
levels, it also gave poorer precision for iron, copper, zinc and selenium. This was 
probably due to matrix problems, caused by the higher percentage of organic material 
in solution (see Section 3.2.3.6)
\
3.3.4.5 Limit of Detection
The limits of detection for the six elements using the selected seminal plasma method 
(1:20 dilution) were calculated from the mean of 10 blank determinations (Table 
3.56).
Table 3.56: Limits of Detection for the Seminal Plasma Dilution Method
Typical Concentrations1 (p.g I1)
Fe Cu Zn Se Cd Pb
Seminal plasma sample 190 170 105000 71.5 0.61 8
Seminal plasma after dilution 10 8.5 52500 3.6 0.03 0.4
Limit of detection 3 2 218 0.2 0.01 0.2
t V alues for normozoospermic m en (A bou-Shaltra  et al., 1989; X u  et al., 1993)
3.4 Quality Control Study
A study was undertaken to evaluate the accuracy and precision of different methods 
used for the trace element analysis of biological tissues and fluids. The study was 
designed primarily to enable a comparison between the ICP-MS methods and 
instrumentation in use at Surrey, with different methods and instrumentation in use at 
other laboratories. By doing this, it was hoped that methods would be further 
validated, or problems not found during method validation would become apparent.
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Different biological tissues and fluids were selected for use in these studies, 
comprising certified reference materials and pooled samples produced internally in the 
laboratory. This meant that the majority of samples analysed by each method were 
from the same source or pool of material.
3.4.1 Instrumental Neutron Activation Analysis (INAA)
Biological tissue and fluid samples were analysed by instrumental neutron activation 
analysis (INAA) at the Hahn-Meitner-Institut, Berlin. Results for iron, zinc and 
selenium were compared with measurements for the same samples made by 
inductively coupled plasma mass spectrometry (ICP-MS) at the University of Surrey, 
Guildford.
3.4.1.1 Samples
The samples chosen for the study were of two basic types; certified reference 
materials (Table 3.57) and ‘internal’ reference samples (i.e. materials which had been 
prepared by our own laboratory from bulk or pooled samples). The internal samples 
included human serum and scalp hair; ovine liver, plasma and erythrocytes. All of 
these human and ovine pooled samples were already in use in the ICP-MS Facility at 
the University of Surrey.
Table 3.57: Certified Reference Materials (CRMs) Used in the Interlaboratory 
Study
CRM Source
IA E A  A13 A nim al B lood International A tom ic Energy A gency, V ienna, Austria.
N IST 1577a B ovine Liver N ational Institute o f  Standards and T echnology, M A , U SA.
SINR GBW  09101 Human Hair Shanghai Institute o f  N uclear Research, China.
2nd Generation Human Serum Ghent, B elgium .
Seronorm Trace Elem ents Serum, 
Batch 311089
N ycom ed Pharma, Oslo, Norway.
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3.4.1.2 Instrumentation
INAA
The BER II research reactor at the Hahn-Meitner-Institut was used for neutron 
activation of the samples (see Section 2.5.2), The samples were irradiated for forty- 
two hours in the reactor core by means of the DBVR irradiation device (see Section 
2.5.2.1), After irradiation, samples were allowed to decay for seven days before 
counting on a well-type HP germanium detector (see Section 2.S.2.2), Table 3.58 
shows the gamma ray energies used for this analysis.
Table 3.58: Gamma Ray Energies Used for INAA Analysis (Lide, 1991)
E lem en t Isotope H a lf L ife , T *  (days) y en ergy  (kcV )
Iron 59Fe 44.51 1099.3, 1291.6
Z inc 65Zn 243.8 1115.5
Selenium 75Se 118.5 136.0, 264.6 , 279.5 , 400 .6
ICP-MS
A Finnigan MAT SOLA ICP-MS (Finnigan MAT, Hemel Hempstead, UK), with 
argon plasma was used for analysis of the samples (see Section 2.5.1), Sample 
introduction was either by means of a pneumatic V-groove nebulizer (PN) or a GBC 
HG-3000 continuous flow hydride generator (HG), (GBC Scientific Equipment, 
Guildford, UK). Table 3.59 lists the operating conditions using the two different 
instrumental set-ups.
Table 3.59: ICP-MS Operating Conditions
PN H G
R f power 1.4 lcW 1.5 kW
Detectors multiplier, Faraday multiplier
Isotopes 54F e ,56Z n a n d 82Se 82Se
Internal standard 50 n g  m l'1 In 50 ng  m l'1 In
Sam ple flow  rate 0.95 m l m in 1 10 m l m in'1
35%  HC1 flow n/a 1.8 m l m in 1
0.6%  N aBH 4 flow n/a 2 .0  m l m in'1
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3.4.1.3 Sample and Calibration Standard Preparation
INAA
All sample and calibration standard preparation was performed in a class 3 laminar 
flow zone (type: Flora I 1600 D, Karl Bleymehl, D-5176, Inden-Pier, Germany). A 
multielement standard, Xisag 17 (Spex Industries, Edison, NJ, USA), containing 200 
pg ml' 1 iron, zinc and selenium, was diluted to 10 pg ml' 1 (Gawlilt, 1998). A 50 pi 
portion of this was measured into fresh, dry quartz ampoules and then dried at 50°C. 
Samples (approximately 20 + 2 mg) were accurately weighed into fresh, dry quartz 
ampoules and also dried at 50°C. Ampoules were handled with tweezers at all times to 
avoid external contamination. After drying and re-weighing, the ampoules were sealed 
and packed in irradiation containers. All certified reference materials were dried as 
detailed in the certificates of analysis. These drying procedures were followed after 
the sample was inside the ampoule to minimise sample contamination. The irradiation 
containers held twenty-four ampoules (in two layers of twelve). For the analysis of 
samples and standard reference materials it was decided that each container layer 
would be packed to contain four multielement standards, four certified reference 
materials and four samples to give good statistical potential to the results.
ICP-MS
Two slightly different wet digestion methods were used to prepare samples for ICP- 
MS analysis; one for subsequent use with hydride generation ICP-MS and a shortened 
version of the same method for use with conventional nebulization ICP-MS. Samples 
of approximately 500 + 50 mg, accurately weighed, were used for both methods.
The hydride method for selenium was previously developed at Surrey for use with a 
Tecator® digestion block (Perstorp Analytical, Maidenhead, UK), using 100 ml glass 
tubes (Rayman et ah, 1996), (see also Section 3.2.3.S), This method employed a 
series of heating steps and the addition of concentrated Aristar® nitric, sulphuric, 
perchloric and hydrochloric acids (Merck, Poole, UK) at various stages to ensure the 
selenium was all reduced to Se(IV).
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The method used for digestion of samples for analysis by conventional nebulizer used 
the same equipment, but was limited to a single nitric acid heating step (see also 
Section 3„2.3.3), 30% v/v Aristar® hydrogen peroxide (Merck, Poole, UK) was also 
needed to achieve complete digestion in the liver samples.
Samples for both methods were diluted post digestion to 50 ml with de-ionised water 
of > 18MO cm"1 quality (Elga UHQ system, Elga Ltd, High Wycombe, Bucks, UK). 
Calibration standards and internal standard solutions were made by diluting 1000 p,g 
ml' 1 standards (Spectrosol, Merck, Poole, UK). A 50 ng ml"1 indium internal standard 
solution was added on-line for both PN and HG analyses. This was achieved via a 
glass T-piece for the PN analysis.
3.4.1.4 Results and Discussion
Iron, zinc and selenium results for the INAA and ICP-MS analysis of selected 
certified reference materials and internal reference samples are reported in Tables 
3.60 to 3.65, Elemental data is reported as arithmetic mean and standard deviation for 
n replicate analyses. Certified values are also shown (as mean ± 95% confidence 
interval or standard deviation) for the certified reference materials (Tables 3.60 to 
3.62).
Table 3.60: Iron Analysis of CRMs by INAA and ICP-MS*
mg k g 1 dry weight Certified Data INAA PN-ICP-MS
CRM mean sd n mean sd n mean sd
A13 A nim al blood 2400 2200  - 2500* 4 2200 20 2 2142 334
1577a B ovine liver 194 20 4 172 5 2 184 78
09101 Human hair 71.2 6.6 4 74.0 5.0 2 51.3 0.2
2nd  Gen. senun 25.9 24 .4  - 27.4* 2 28.5 2.2 6 26.3 1.7
* See T ab les 3 .58 and 3 .59 for details o f  isotopes used, * 95%  confidence interval, m ean =  arithmetic 
mean, sd =  standard deviation
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Table 3.61: Zinc Analysis of CRMs by INAA and ICP-MS*
m g kg'1 dry w eight C ertified  D ata IN A A P N -IC P -M S
C R M m ean sd n m ean sd n m ean sd
A 13 A nim al blood 13.0 12.0 - 14.0* 4 11.9 0.5 2 12.5 0 .2
1577a B ovine liver 123 8 4 117 2 2 122 9
09101 Human hair 189 8 4 180 8 2 185 8
Seronorm® 311089 1.50 1.43 - 1.64* 4 1.60 0 .10 3 1.61 0 .07
2nd  Gen. serum 9.6 9 .4 -9 .8 * 2 10.2 0.1 6 9.7 1.0
* See T ables 3 .58 and 3 .59  for details o f  isotopes used, * 95%  confidence interval, * range, m ean =  
aritlunetic mean, sd =  standard deviation
Table 3.62: Selenium Analysis of CRMs by INAA and ICP-MS*
pg kg'1 dry w eigh t C ertified  D ata IN A A P N -IC P -M S H G -IC P -M S
C R M m ean sd n m ean sd n m ean sd n m ean sd
A 13 A nim al blood 240 150-310* 4 282 11 - nv nv - nv nv
1577a B ovine liver 710 70 4 716 71 2 795 15 2 794 28
09101 Human hair 580 50 4 670 21 2 762 73 2 565 24
Seronorm® 311089 86 79-87* 4 83 5 3 89 2 3 76 8
2nd  Gen. serum 1050 1000-1100* 2 1091 56 6 1040 150 3 940** 30
* See T ab les 3 .58  and 3 .59  for details o f  isotopes used, * range, * 95% confidence interval, nv =  no  
value, ** taken from  R aym an et al., (1996), m ean =  arithmetic mean, sd =  standard deviation
Table 3.63: Iron Analysis of Internal Reference Samples by INAA and ICP-MS*
m g kg'1 dry w eigh t IN A A P N -IC P -M S
M ateria l n m ean sd n m ean sd
Hair* 2 28.6 1.4 2 28.6 0 .6 \
Liver* 4 221 3 2 196 1
Plasma* 4 23.1 3.3 2 23 .7 3.4
Erythrocytes* 4 2571 29 - nv nv
* See T ab les 3 .58 and 3 .59  for details o f  isotopes used, * human, * ovine, nv =  no value, m ean =  
aritlunetic mean, sd =  standard deviation
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Table 3.64: Zinc Analysis of Infernal Reference Samples by INAA and ICP-MS
mg kg'1 dry weight INAA PN-ICP-MS
Material n mean sd n mean sd
Serum* 4 10.4 1.4 2 12.6 0.2
Hair* 2 180 4 2 166 1
Liver* 4 118 1 2 141 1
Plasma* 4 9.0 0.8 2 8.2 1.4
Erythrocytes* 4 18.9 0.3 2 23.7 2.5
* See Tables 3.58 and 3 .59 for details o f  isotopes used, * human, 1’ ovine, m ean =  arithmetic mean, 
sd =  standard deviation
Table 3.65: Selenium Analysis of Internal Reference Samples by INAA and ICP- 
MS*
pg kg'1 dry weight INAA PN-ICP-MS HG-ICP-MS
Material n mean sd n mean sd n mean sd
Serum* 4 1079 20 2 1117 43 2 701 130
Hair* 2 365 6 2 530 39 2 291 48
Liver* 4 513 149 2 157 7 2 218 18
Plasma* 4 243 67 2 819 47 2 144 19
Erythrocytes* 4 239 47 2 293 66 2 208 23
* See Tables 3 .58 and 3 .59 for details o f  isotopes used, * human, * ovine, m ean =  arithmetic mean, 
sd  =  standard deviation
Statistical Evaluation of the Data
A two-tailed paired t-test was used to compare the sets of results, for all three 
elements, at the 95% confidence interval (see Appendix B). For the certified 
reference materials, the results for each analysis method were compared to the 
certified values, and the methods were also compared to one another. No significant 
differences were found at the 95% confidence interval. The methods were also 
compared in this way for the internal samples and again, there were no significant 
differences observed at the 95% confidence interval. Tables 3.66, 3.67 and 3.68 
summarise these results and show the calculated t- value (t-calc.) and the critical t- 
value (t-critical) for each pairing.
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Further conclusions can be drawn from the paired t-test data. Results for iron show 
that there is similar agreement between the certified values and with the two different 
methods. This is also true between the two methods. Zinc results for the CRMs are all 
in good agreement with one another, but there is notably a better agreement between 
the two analysis methods than with either individual method and the certified values. 
From the selenium results, it can be seen that INAA compares most favourably with 
the certified values of the reference materials, relative to the two ICP-MS methods. It 
is also clear that PN-ICP-MS compares more favourably than HG-ICP-MS with the 
CRM and the INAA values.
Table 3.66: Paired t-Test Results for Iron in CRMs and Internal Reference
Samples
Certified Reference Materials
INAA PN-ICP-MS
CRM t calc. 1.11 1.16
t critical 3 .18 3.18
IN A A t calc. - 1.17
t critical - 3.18
Internal Reference Samples
PN-ICP-MS
IN A A t calc. - 0 .96
t critical - 4.30
Table 3.67: Paired t-Test Results for Zinc in CRMs and Internal Reference
Samples
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Table 3.68: Paired t-Test Results for Selenium in CRMs and Internal
Reference Samples
Certified Reference Materials
INAA PN-ICP-MS HG-ICP-MS
CRM t calc. -2.13 -1 .47 0.33
t critical 2.78 3.18 3.18
IN A A t calc. - -0 .95 0.90
t critical - 3.18 3.18
PN-ICP-M S t calc. - - 1.72
t critical - - 3.18
Internal Reference Samples
PN-ICP-MS HG-ICP-MS
IN A A t calc. - -0 .64 2.58
t critical - 2.78 2.78
PN-ICP-M S t calc. - - 2.11
t critical - - 2 .78
More generally, the precision of the CRM measurements is good, typically ± 10% for 
both INAA and the two ICP-MS methods. The same can also be said regarding most 
of the measurements for the internal samples, though some measurements deviate by 
as much as 35% from the mean.
The accuracy of the CRM measurements is poorer, however, especially for hydride 
generation measurements. This is perhaps a function of the digestion procedures, but 
since INAA has no chemical sample preparation, it seems more likely to be due to 
another factor. It is possible that the homogeneity of the internal samples is poor 
compared to that of the certified materials. Heterogeneity could explain the 
differences observed between the techniques.
Problems with the analysis of selenium by ICP-MS are highlighted by these results. 
Although precision is reasonably good for most samples, the accuracy is questionable, 
with results falling both above and below of the certified values, though still within the 
certified ranges in most cases. These problems may have been caused by one or more 
of the following:
® digestion methods: seleno-organic compounds are fairly resistant to acid digestion 
and vigorous digestion procedures risk the loss of volatile Se compounds.
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® hydride generation method: selenium must be in the reduced form, Se(IV); auto­
oxidation may occur after digestion, especially as a factor of the temperature 
change from the final digestion step (90°C) to the bench temperature of ~20°C.
® interference problems in the plasma or at the interface, e.g. ’H81Br in the HC1 as an 
impurity, interfering with 82Se.
3.5 Speciation Experiments
Speciation experiments were carried out in order to try and determine the specific 
binding sites of trace elements in human blood serum and ovarian follicular fluid. 
Most of these experiments were carried out in Germany during 1996 using the Hahn- 
Meitner-Institut’s Perkin Elmer Elan 6000 ICP-MS instrument, coupled to an HPLC 
system. Attempts were later made to duplicate these experiments at the University of 
Surrey (Section 3.5.2.3),
3.5.1 Literature Search
A literature search was undertaken to identify key papers that detailed the speciation 
of metalloproteins in biological fluids (Table 3.69).
3.5.2 I lahn Meitner-1nstitut, Berlin
The separation of the samples in Germany was achieved using size exclusion high 
performance liquid chromatography to separated the various protein fractions present 
in the samples. As the fractions eluted from the columns, they were passed on-line 
into the ICP-MS where the various trace elements in each fraction could be detected.
3.5.2.1 Human Follicular Fluid
Samples were defrosted, whirlimixed and a portion transferred to a centrifuge vial. 
They were then spun in a centrifuge for ~10 mins to separate impurities. This method 
was preferred to filtration as it was less likely to result in protein and or sample loss.
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Table 3.69: Review of Scientific Literature for the Speciation of Metalloproteins
in Biological Fluids
E lem ents M ethod  and Sam ple D etails R eferen ce
Cu and Zn Protein speciation in  serum by gel-filtration and ET-
A A S
Gardiner et al., 
(1981)
Cd, Cu and Zn D irectly coupled size exclusion HPLC-ICP-MS M ason et al., 
(1990)
Se and I D iscussion  o f  sam pling, storage and sam ple 
preparation
B ehne, (1992)
A s and Cr A rsenic studies in  rat urine and red blood cell lysate, 
chrom ium  in  serum using radiotracers.
Cornelis and D e  
Kim pe, (1994)
A la n d  Fe M etal-ffee H PLC-ET-AAS w ith on-line metal 
scavenger column.
Vanlandeghem  et 
al., (1994)
A l, Fe, H g and Si H PLC-AAS. Polym er based colum n, colum n holders 
and tubing used w ith a silica-based scavenger 
colum n to remove all m etals from the system.
D ’H aese et al.,
( 1 9 9 5 ) ;
Fe, Se and Zn Size exclusion HPLC-ICP-AES used for speciation  
o f  human m ilk  whey.
N egretti de  
Bratter et al., \ 
(1995)
A l, A s, Cd, Cr, Co, Cu, 
Hg, N i, Pb, Pt, Se, Sn  
an d Z n
R eview  o f  procedures and difficulties encountered  
for chem ical speciation o f  metals in  clin ical sam ples.
Cornelis, (1996)
A l, As, Ca, Cd, Cr, Co, 
Cu, Fe, H g, M n, M g, 
N a, N i, Pb, Pt, Se, Si, 
Sn and Zn
Com prehensive review o f  the literature on the 
speciation o f  m etal ions in  biological fluids.
D as et al., (1996)
Ca, Fe, N a and Zn Radiotracer study for optim isation o f  
chromatographic conditions for blood serum. Two 
size exclusion  colum ns compared.
Raab and Bratter, 
(1998)
Ca, Cd, Co, Cu, Fe, I, K, 
M g, M n, M o, P, Pb, S, 
Se and Zn
Infant form ulas compared to breast m ilk  and 
maternal dietary intake. Size exclusion  
chromatography
Bratter et al., 
(1998)
A l A nion exchange colum n for serum speciation  
D etection by ICP-M S and HR-ICP-MS.
Cabezuelo et al., 
(1998)
A l, Ca, Cr, Cu, Fe, Mn, 
Pb, Se, Sn, Sr and Zn
Serum speciation using fast protein liquid  
chromatography coupled to HR-ICP-MS.
Bay on et al., 
(1999)
Zn and Cu Serum speciation using chelating resin pre-treatment 
and ICP-MS.
Inagaki et al., 
(1999)
R ecent trends using ICP-MS. V anhaecke and 
M oens, (1999)
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Instrumentation
Chromatography Columns
Shodex Asahipak 30 cm columns, connected in series:
GS 2G-7B guard column
GS 620 HQ size exclusion column (2,000,000 loading)
GS 520 HQ size exclusion column (300,000 loading)
Chromatographic Conditions
Eluent: 0.1 mol I"1 tris(hydroxymethyl)aminomethane buffer (TRIS) adjusted to
pH 7.4 with nitric acid 
Flow rate: 750 pi min' 1
Run time: ~ 2 hours
Sample loop: 100 pi
Post separation, the eluent flow (750 pi min'1) was mixed with an internal standard 
solution containing scandium, rhodium and iridium, flowing at 200 pi min'1. This then 
passed into the ICP-MS, giving a flow of ~1 ml min' 1 to the plasma. The eluent was 
also measured using an ultra-violet detector at 280nm to give an indication of when 
the protein fractions were eluting. Amino acids such as tyrosine and tryptophan 
absorb UV at this wavelength.
Experiments
An initial 100 pi injection of a sample was made and showed very few peaks. A small 
sulphur peak was observed; a good indication that proteins were present. The sample 
loop was changed to 250 pi to give greater sample volume and hence bigger peaks. 
The next injection gave a much improved chromatogram. It showed good agreement 
between the (black) UV trace and the sulphur peaks (at ~15 mins and ~27 mins). Iron 
and zinc peaks were observed at these points indicating that they were probably 
protein bound. Small amounts of other elements were also seen eluting at these times.
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However, the chromatograms were not what was expected for a sample of this 
nature, as blood serum samples usually have two large peaks rather than the one large 
peak (~27 mins) observed for the follicular fluid (Raab, 1996). This could simply be 
due to the slightly different nature of the follicular fluid in terms of protein content, 
but it was decided that the pH of the fluid would be checked in case some sample 
degradation was occurring. The pH was measured as 1.65 at 21.8°C. Follicular fluid 
usually has a pH o f-8.2 (McVeigh, 1996).
It was clear from this measurement that something had severely altered the pH of the 
samples. Samples used in these investigations were supplied by Hammersmith IVF 
Clinic and were collected using the IVF unit’s standard procedures. Enquiries to the 
IVF unit resulted in the following information about their collection procedure 
(McVeigh, 1996)
“A venom blood or follicular flu id  sample (at least 2ml) is collected in a chilled 
heparinised tube containing 50 ml I 1 o f blood Trasylol (aprotinin proteinase 
inhibitor). The sample is mixed well and centrifuged at 3000 rpm fo r 15 minutes at 
4°C. To the separated plasma, 100 ml I'1 plasma 1% TFA (trifluoroacetic acid) (v/v) 
is added and the plasma stored at -70°C. ”
The addition of these reagents was clearly having an adverse effect on the samples in 
terms of speciation work. It seemed likely, therefore, that the protein fractions 
observed were only those fractions which had survived the sample preparation 
procedure. It was decided at this point to stop the speciation work on the follicular 
fluid samples until untreated samples could be obtained. However, these findings were 
later used to support a request for a change in the sample collection procedures for 
follicular fluid (and blood serum) and this was put into effect for the applied trace 
element studies (Sections 3.1.1.2 and 3.1.1.3). This was important for ensuring that 
the correct speciation was maintained but also for avoiding trace element 
contamination from the added chemicals.
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Preparation of blood serum samples was carried out in the same way as for the 
follicular fluid samples. All instrumental conditions were also the same. For this 
experiment, a comparison was possible between a “normal” serum sample supplied by 
the HMI, and one of the IVF serum samples (see Figures 3.30, 3.31 and Table 3.70 
for a comparison of peak elution times). This became particularly important in the 
light of the sample collection techniques used by the IVF unit for the serum sample.
3.5.2.1 Human Blood Serum
Table 3.70: Comparison of Peak Elution Times for Treated and Untreated 
Serum
Element Peak Elution Times (mins) Comments / Peak Allocations 
(Raab, 1996)Entreated Serum Treated Serum
S 32 - First protein fraction destroyed by 
sam ple treatment38 38
Fe 32.5 - Fe - transferrin
40 - Fe - citrate ??
Cu 32 - Cu - coeruloplasm in
38 38 Cu - album in
Zn 32.5 - Zn - a-m acroglobulin
38 - Zn - album in
Se som e sm all peaks none observed ArCl interference? C l peak at 44 m ins
Cd 39 39 m etallothionein? looks to be stable in 
both sam ples46 -
Pb 32 - resolution in  treated sam ple very poor - 
peaks lost in  noise41 -
The results show clearly that the first protein peak is lost in the treated sample. 
Allocation of proteins to peaks (e.g. Zn - albumin) was possible due to information 
obtained from previous HMI research (Raab, 1996). These findings supported those 
already found for follicular fluid regarding the unsuitability of the sample collection 
procedure for trace element speciation.
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Figure 3.30: Trace Element Speciation of Untreated Blood Serum
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Figure 3.31: Trace Element Speciation of Treated Blood Serum
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Some further work, based on the work at the Hahn-Meitner-Institut, was undertaken 
by an undergraduate research student, under my co-supervision (Davies, 1998). This 
work investigated the speciation of iron, copper and zinc in blood serum and follicular 
fluid through indirect coupling of a size exclusion HPLC system to the SOLA ICP- 
MS. Samples for this work were collected using modified procedures which avoided 
the addition of chemicals (Sections 3.1.1.2 and 3.1.1.3).
Instrumentation 
Chromatography columns
Shodex Asahipak 30cm columns, connected in series:
GS 2G-7B guard column
GS 620 HQ size exclusion column (2,000,000 loading)
Chromatographic Conditions
Eluent: 0.15 mol I"1 tris(hydroxymethyl)aminomethane buffer (TRIS) adjusted
to pH 7.3 with nitric acid 
Flow rate: 600 pi min'1
Run time: 40 minutes
Sample loop: 100 pi
3.S.2.3 Further Speciation Work
Experimental Results
Standard solutions of albumin, (a,P) globulin and apo-transferrin were used in an 
attempt to aid peak identification. All were found to elute at 16.5 minutes. Three 
peaks were observed for a follicular fluid sample (at -12.6 mins, ~14.1mins and -15.0 
mins). Comparison of two different follicular fluid samples gave identical peak 
retention times but different peak heights and areas (Figure 3.32). ICP-MS analysis of 
protein fractions for different samples showed different peak intensities for each of the 
elements studied (sulphur, iron, copper and zinc).
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Figure 3.32: Speciation of Two Different Follicular Fluid Samples (Davies, 
1998).
Methods have been developed and validated for the trace element analysis of human 
scalp hair, blood serum, follicular fluid and seminal plasma by inductively coupled 
plasma mass spectrometry (ICP-MS). After investigating the alternatives, a dry ashing 
method was adopted for the preparation of scalp hair, and dilution methods for the 
preparation of blood serum, follicular fluid and seminal plasma (see Table 3.71). 
Validation of these methods was undertaken through the use of spike recoveries and 
the analysis of certified reference materials (CRMs). Limits of detection were 
established for each validated method.
An interlaboratory comparison study was carried out to compare the analysis of 
biological materials (internally produced reference materials and commercial certified 
reference materials) by ICP-MS with instrumental neutron activation analysis (INAA).
Table 3.71: Summary of Sample Preparation Methods Validated for Use in This
3.6 Summary
Study
Elements
Measured
Sample Preparation for Analysis by Pneumatic 
Nebulization ICP-MS
Final
Dilution
Human Scalp Hair
Al, V, Cr, 
Mn, Fe, Co, 
Ni, Cu, Zn, 
Mo, Cd, Pb
Sample washed using IAEA method, then homogenised 
using scissors. Sample (0.2 g) + 5% HNO3 (5 ml) ashed 
in a muffle furnace for 12 hours at 500°C. Ash dissolved 
in HNO3 (2 ml) before dilution to 50 ml with water 
(including 50 pg I'1 In internal standard).
250-fold
Human Blood Serum, Follicular Fluid and Seminal Plasma
Fe, Cu, Zn, 
Se, Cd, Pb
10-fold dilution with 1% HNO3, (1 ml of sample diluted 
to 10 ml) followed by a further 2-fold dilution through 
on-line mixing with internal standard solution. Internal 
standard solution contains 50 pg I'1 Co, Ge, In and Bi in 
5% methanol and 1% HN03.
20-fold
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Results for the interlaboratory study showed generally good agreement between the 
two laboratories for the analysis of certified reference materials, with INAA giving the 
best performance in terms of precision and agreement with certified values. ICP-MS 
values were in general better for zinc than for selenium or iron. Problems with the 
analysis of selenium by hydride generation ICP-MS were highlighted. Internal 
reference samples showed greater variability between the two techniques. This was 
thought to be in part due to poor sample homogeneity (as reflected in the higher 
relative standard deviations for replicate analyses), showing the need for greater care 
in the preparation of such internal samples.
Preliminary studies were undertaken to investigate the protein speciation of blood 
serum and follicular fluid. Peak shapes using ultra-violet detection were observed to 
change with different samples of follicular fluid, perhaps indicating the presence of 
different protein species. The trace element analysis of these protein fractions showed 
different elements were associated with different protein peaks.
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Chapter 4
Applied Studies
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4.0 Introduction
This chapter examines the relationship between trace elements and human fertility 
through the application of the validated analysis methods (Chapter 3) for the 
measurement of trace elements in populations with different fertility states. Three 
separate studies were undertaken, each making use of a different human tissue or fluid 
to assess trace element levels. In the first study, the trace element content of scalp hair 
was compared for men and women with different fertility states. Women with a 
history of infertility were compared to a control population with no previous infertility 
problems. Three groups of men were compared, each with different semen parameters 
(oligozoospermic, asthenozoospermic and normozoospermic). The second study 
focused on patients attending an in-vitro fertilization (IVF) clinic for fertility 
treatment. The trace element concentrations of blood serum and ovarian follicular 
fluid were assessed for a population of women aged 35 years and under. Trace 
element levels were compared in sub-groups of the population to ascertain differences 
relating to the type of infertility, the result of IVF treatment, the outcome of 
pregnancy and the effect of cigarette smoking, alcohol consumption and folic acid 
supplementation. The final study examined the trace element status of seminal plasma 
for a population of men from couples undergoing IVF treatment. These were then 
compared to values in the scientific literature.
4.1 Statistics Used for Applied Studies
A number of statistical tests were used to evaluate the results from the various applied 
trace element studies. The tests ranged from simple descriptive statistics, such as 
arithmetic mean and standard deviation, through to tests for statistical outliers and the 
comparison of data sets using Student t-tests. Details of the various tests can be found 
in Appendix B. A general scheme used for the statistical analysis of data sets in this 
chapter can be seen in Figure 4.1.
Correlation coefficients were also used for the statistical evaluation of some data sets. 
Student t-tests were used to test the significance of these relationships at the 95% 
confidence level (see Appendix B).
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Figure 4.1: Overview of Statistical Tests used for the Comparison of Two 
Independent Sets of Data
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4.2 Trace Elements in Human Scalp Hair
The trace element analysis of human scalp hair was applied to men and women with 
different fertility states. Although the links between certain trace elements and human 
fertility have been established (see Section 1.2.5), very few studies have examined the 
direct relationship between trace element concentrations in scalp hair and human 
fertility. Various reports have been made of scalp hair trace element levels during 
pregnancy and as an effect of oral and intrauterine contraceptive use, but these studies 
do not include women with infertility problems (Hambidge and Droegemueller, 
1974; Deeming and Weber, 1978; Valkovic, 1988a).
Samples for this study were obtained from volunteers who had submitted scalp hair 
for analysis in relation to a larger research project. Samples were collected as detailed 
in Section 3.1.1.1, Only samples containing an adequate amount of hair for the 
analysis (> 0.2 g) were included in this study.
The analysis of aluminium, vanadium, chromium, manganese, iron, cobalt, nickel, 
copper, zinc and lead in scalp hair samples from this study was undertaken using the 
dry ashing method developed and validated for ICP-MS in Chapter 3 (see Sections
3.2.2 and 3.3.2),
Samples were washed and homogenised prior to analysis (see Section 3.2.2.1 and
3.2.2.4), Samples (200 + 50 mg) were measured singly, or in duplicate where 
sufficient sample allowed. After ashing, the samples were diluted to 50 ml with 1% 
nitric acid, including a 50 pg I'1 spike of indium as internal standard. Samples were 
then analysed by ICP-MS. Certified reference hair samples (SNR GBW 09101) were 
also analysed with each sample batch. Results were in good agreement with the 
certified values for most elements, as seen during method validation (Section 3.3.2.2),
Results for vanadium, molybdenum and cadmium were not reported as most 
concentrations were found to be below the limit of detection for the method (see 
Section 3.3.2.S)
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4.2.1 Trace Elements in the Scalp Hair of Women with Different 
Fertility States
The trace element content of scalp hair was evaluated for two populations of women. 
The first group contained women with a history of infertility problems and the second, 
the control group, contained women with no previous history of infertility problems.
Statistical analysis of the data was undertaken as detailed in Figure 4.1. Results for 
aluminium, chromium, manganese, iron, cobalt, nickel, copper, zinc and lead are 
shown in Figures 4.2 to 4.4. Student t-test results are summarised in Table 4.1.
Table 4.1: Student t-Test Results for the Comparison of Trace Element
Concentrations in the Scalp Hair of Women with Previous Infertility 
and Fertile Controls
t (95%) Critical (p < 0.05) Calculated* Significant?
Aluminium + 1.990 + 1.664 no
Chromium ± 1.990 + 0.853 no
Manganese ± 1.988 + 2.748 yes
Iron + 1.988 + 2.184 yes
Cobalt +  1.989 +  1.882 no
Nickel +  1.988 +  1.663 no
Copper +  1.988 -0.616 no
Zinc ± 1.989 -0.105 no
Lead +  2.020 -0.739 no
* a + ‘ve sign  indicates that the values are greater for the first sub-group in  the comparison, relative 
to  the second, a - ’v e  indicates that the values are greater for the second sub-group relative to the first
Student t-tests found significant differences between the two groups for manganese 
and iron. Both of these elements were significantly higher in women with a history of 
infertility (p < 0.05). The reason for iron and manganese being higher in infertile 
women is not clear. High iron concentrations have, however, been shown to cause 
amenorrhoea and can possibly produce foetal malformations (see Section 1.2.5.5),
The results for each of the elements measured, with the exception of zinc, were found 
to be log-normally distributed. Zinc was normally distributed. The arithmetic mean, 
median and geometric mean for zinc are very similar, with a relatively small standard
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Figure 4.2: Statistical Comparison Between Trace Element Concentrations
in Scalp Hair (Al, Cr and Mn) for Women with a History of
Infertility and Fertile Controls
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Figure 4.3: Statistical Comparison Between Trace Element Concentrations
in Scalp Hair (Fe, Co and Ni) for Women with a History of
Infertility and Fertile Controls
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Figure 4.4: Statistical Comparison Between Trace Element Concentrations
in Scalp Hair (Cu, Zn and Pb) for Women with a History of
Infertility and Fertile Controls
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deviation. In comparison, the other eight elements have standard deviations which are 
near to or greater than their arithmetic means. Geometric means and medians for these 
elements are similar, but are very different from the arithmetic means. These 
observations agree well with reports in the scientific literature (Ryabukhin, 1980; 
Monasteries et aL, 1986).
The normal distribution of zinc in human scalp hair, in contrast to the log-normal 
distribution of other elements, has been described by several authors in the literature 
(Ryan et al., 1978; Ryabukhin, 1980). In addition to this, zinc concentrations are 
widely reported to be inconsistent with zinc concentration trends in other biological 
tissues and fluids. For example, high concentrations of zinc in scalp hair have been 
reported in cases of clinical zinc deficiency (Rarlow et al., 1985; Davies, 1985; 
Taylor, 1986; Fell 1987; Howard, 1990). The suggested reason for these 
observations is that zinc is required for normal hair growth. In zinc-deficient states, 
the hair growth is slowed down, resulting in an abnormally high concentration of zinc 
(Barlow et ah, 1985; Howard, 1990).
The implications of zinc being required for hair growth seem to have been largely 
ignored in the literature. The use of scalp hair for the assessment of trace element 
levels in the body is based on the assumption that the amount of a trace element 
incorporated into the structure of the hair is proportional to the concentration of the 
trace element in the tissues and fluids responsible for hair formation (Taylor, 1986). It 
is for this reason that washing procedures are used to remove exogenous 
contamination from the surface of the hair prior to analysis (see Section 3.2.2.4), If 
zinc is involved in hair growth, then this assumption may be incorrect.
Hair samples are usually taken from the most recently grown hair, 1-2 cm from the 
scalp (see Section 3.1.1.1). If the rate of hair growth is influenced by zinc, then the 
concentrations of other elements in the sample will also be affected. Pubic hair for 
example, which naturally grows at a slower rate than scalp hair, has higher 
concentrations of zinc, but lower concentrations of copper, iron and lead (Hopps, 
1977).
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It appears, however, that the relationship between body zinc status and zinc 
concentration in scalp hair is far from simple. Cases of clinical zinc deficiency have 
not only been associated with high concentrations of zinc in scalp hair, but with low 
and normal concentrations of scalp hair zinc as well (Taylor, 1986; Howard, 1990).
4.2.2 Trace Elements in the Scalp Hair of Men with Different Semen 
Parameters
A population of men was divided into three groups, based on the results they reported 
for previous sperm tests. Those with a sperm count of greater than 20 x 106 ml'1 and a 
sperm motility of greater than or equal to 60% were classed as normozoospermic. 
Sperm counts of greater than 20 x 106 ml'1 but with less than 60% motility were 
classed as asthenozoospermic and sperm counts of between 1 and 20 x 106 ml'1 as 
oligozoospermic. No cases of azoospermia were reported for the population (Aitken, 
1986)
Statistical outliers were eliminated using Dixon’s tests (see Appendix B). The groups 
were then compared using Student t-tests. Results for aluminium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc and lead are shown in Table 4,2. 
Student t-test results are summarised in Table 4.3.
Results for the three groups showed similar trends to those observed for the scalp hair 
of women in the previous section (4.2.1), All of the elements, except zinc, were log­
normally distributed (zinc was normally distributed). Standard deviations were large 
for all of the elements measured, again with the exception of zinc.
Student t-test results showed only one significant difference between the groups. Zinc 
was found to be significantly lower in oligozoospermic men, when compared to 
normozoospermic and asthenozoospermic men (p < 0.05). This shows that zinc 
concentrations in scalp hair are lower for men with a low sperm count. Reports in the
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Table 4.2: Trace Element Concentrations in the Scalp Hair o f Men With
Different Semen Parameters
O ligozoosperm ic A sthcnozoosperm ic N orm ozoosperm ic
Sperm Count (xlO b ml"1) < 1 - 2 0 > 2 0 > 2 0
Sperm M otility (%) - < 6 0 > 6 0
A lum inium n 7 11 17
(m g k g ’) arithmetic mean 9.3 4.7 5.4
standard deviation 12.3 2.7 3.1
lo g ­ median 3.3 4.1 4.6
normal geom etric m ean 5.4 4.0 4.6
Chromium n 7 11 18
( P g k g 1) arithmetic m ean 505 1086 899
standard deviation 395 2507 1850
lo g ­ median 285 162 485
normal geom etric m ean 382 267 376
M anganese n 7 11 19
(f-g kg"1) aritlunetic mean 707 442 488
standard deviation 902 571 436
lo g ­ median 343 226 299
normal geom etric m ean 447 259 352
Iron n 7 11 19
(m g kg'1) arithmetic mean 194 107 121
standard deviation 232 180 104
lo g ­ m edian 79 46 62
normal geom etric m ean 120 59 87
Cobalt n 6 10 17
(M-g k g ') arithmetic m ean 145 76 91
standard deviation 211 120 97
lo g ­ m edian 59 29 38
normal geom etric m ean 75 37 56
N ickel n 7 11 19
(m g k g 1) aritlunetic m ean 58 32 41
standard deviation 85 67 54
lo g ­ m edian 34 6 13
normal geom etric mean 25 11 17
Copper n 7 11 19
(m g k g 1) arithmetic mean 11 14 20
standard deviation 4 8 22
log ­ median 10 11 12
normal geom etric mean 11 12 14
Zinc n 7 10 19
(m g kg'1) arithmetic m ean 104 132 121
standard deviation 32 17 17
normal median 119 132 121
geom etric mean 98 131 120
Lead n 6 10 13
(m g kg'1) aritlunetic mean 2.7 6 .7 9.7
standard deviation 2.5 13.6 22.3
log ­ median 2.1 2.9 2.3
normal geom etric mean 2.0 2.3 2.6
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scientific literature relating zinc in semen and seminal plasma to sperm count are 
contradictory, so it is difficult to draw any conclusions form this finding (see Section
1.3.3.4), Interpretation of zinc concentrations in hair are also made more difficult for 
reasons already discussed relating to zinc concentrations and the rate of hair growth 
(Section 4.2.1),
Table 4.3: Student t-Test Results for Trace Element Concentrations in the Scalp
Hair of Men With Different Semen Parameters
Oligozoospermic /  
Astlienozoospermic
Oligozoospermic /  
Normozoospermic
Asthenozoospermic 
/ NormozoospermicElement t-test (95%)
Alum inium Critical (p < 0 .0 5 ) ± 2 .1 1 9 9 ±  2 .0739 ± 2 .0 5 5 5
Calculated* +  0 .7480 +  0 .4594 -0 .5 6 4 1
Significant? no no no
Chromium Critical (p < 0 .05) ± 2 .1 1 9 9 ±  2 .0687 ± 2 .0 5 1 8
Calculated* +  0 .5730 +  0 .0314 - 0 .6541
Significant? no no no
M anganese Critical (p <  0 .05) ± 2 .1 1 9 9 ±  2 .0639 ±  2 .0484
Calculated* +  1.1565 + 0 .6302 - 0 .9088
Significant? no no no
Iron Critical (p <  0 .05) ± 2 .1 1 9 9 ±  2 .0639 ±  2 .0484
Calculated* + 1.5492 +  0.8561 -1 .1 8 2 7
Significant? no no no
Cobalt Critical (p <  0 .05) ± 2 .1 4 4 8 ±  2 .0796 ± 2 .0 5 9 5
Calculated* +  1.1808 +  0 .5900 - 1.9573
Significant? no no no
N ickel Critical (p <  0 .05) ± 2 .1 1 9 9 ± 2 .0 6 3 9 ±  2 .0484
Calculated* + 1 .2 7 8 3 +  0 .5946 - 0 .8807
Significant? no no no
Copper Critical (p <  0 .05) ± 2 .1 1 9 9 ± 2 .0 6 3 9 ±  2 .0484
Calculated* - 0 .5667 - 0 .8694 - 0 .4889
Significant? no no no
Zinc Critical (p <  0 .05 ) ± 2 .1 3 1 5 ±  2 .0639 ± 2 .0 5 1 8
Calculated* - 2 .3437 - 1.7255 +  1.6697
Significant? yes no no
Lead Critical (p <  0 .05) ± 2 .1 4 4 8 ± 2 .1 0 9 8 ±  2 .0796
Calculated* -0 .2 1 0 4 - 0 .4078 -0 .2 1 5 6
Significant? no 110 no
* a + ‘ve  sign  indicates that the values are greater for the first sub-group in the comparison, relative 
to the second, a - ’ve  indicates that the values are greater for the second sub-group relative to the first
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4.3 Trace Elements in the Blood Serum and Follicular Fluid of
Patients Undergoing In-Vitro Fertilization: a Prospective Study
Very little is known about the trace element status of patients with specific infertility 
problems, though more is known about trace elements and general infertility (see 
Section 1.2.5), A study was designed, in collaboration with the In-Vitro Fertilization 
Clinic at Hammersmith Hospital, London, to investigate the prospective links between 
trace element concentrations and various infertility states of patients undergoing IVF 
treatment.
4.3.1 Study Design and Objectives
This study was designed to address many of the questions outlined at the end 
Chapter 1 (Section 1.5), namely, to determine:
(a) the relationship between the trace element levels (iron, copper, zinc, 
selenium, cadmium and lead) of blood serum and follicular fluid for patients 
with different fertility states,
(b) the relationship between the trace element levels in blood serum and 
follicular fluid for the whole study population,
(c) the relationship between the trace element levels in blood serum and 
follicular fluid for patents with different IVF treatment and pregnancy 
outcome,
(d) the effect of dietary modification and environmental factor assessment 
(alcohol consumption and cigarette smoking) on the trace element status of 
IVF patients, as monitored by follicular fluid and blood serum total 
elemental analysis.
The study was designed primarily to assess the prospective differences between the 
trace element levels of women with unexplained infertility and those with tubal 
infertility. This enabled a comparison between an unknown and a known cause of 
infertility. The original objective was to recruit 50 patients in each group. Only
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patients that were less than 35 years of age were recruited in order to avoid age- 
related infertility effects (Guttmacher, 1952; Zervakakou-Matar et al., 1998).
Patients were recruited on the day of egg collection, during the course of their IVF 
treatment. An information sheet was supplied to them and the aims and objectives of 
the study were explained by hospital staff before verbal consent was obtained. A 
questionnaire was then given to the patients in order to obtain information about their 
occupation and lifestyle.
A venous blood sample was taken just before egg collection, and then centrifuged to 
obtain blood serum. Follicular fluid was obtained at the time of egg collection. Both 
fluids were transferred to ‘metal free’ tubes and stored at -70°C (see Section 3.1.1.2 
and 3.1.1.3 for full sample collection details). These samples were later transferred to 
the University of Surrey for trace element analysis by ICP-MS. All samples were 
analysed ‘blind’ so that no patient or fertility status information was available until 
after the analysis was completed. This ensured that the presentation of the results was 
completely unbiased.
Ethical approval was obtained for the study from Imperial College School of 
Medicine, Research Ethics Committee (Zervakakou-Matar et al., 1998).
4.3.2 Trace Element Analysis
The analysis of iron, copper, zinc, selenium, cadmium and lead in blood serum and 
follicular fluid samples from this study was undertaken using the dilution methods 
developed and validated for ICP-MS in Chapter 3 (see Sections 3.2.3 and 3.3.3),
Samples were removed from the freezer in small batches and thawed prior to analysis. 
Visual inspection of the fluids was undertaken to check for haemolysis or 
contamination from the flushing medium (see Section 3.1.1.3). All samples were 
thoroughly mixed using a Whirlimixer® before analysis. Samples were measured in 
duplicate unless insufficient sample was available. A minimum of 0.5 ml was used for
229
each 10-fold sample dilution, giving a minimum final volume of 5.0 ml after dilution 
with 1% nitric acid. When sufficient sample was present, 1.0 ml was usually diluted to 
10.0 ml. Samples were then analysed with a 1:1 on-line addition of an internal 
standard solution containing 5% methanol and 50 pg I'1 of cobalt, germanium, indium 
and bismuth in 1% nitric acid. This gave a final dilution factor of 1:20.
Quality control was undertaken through the analysis of pooled serum and Seronorm® 
certified reference material samples with each batch of study samples analysed. Good 
agreement with the certified values was achieved in each case.
Mean analyte concentrations were calculated for each duplicate analysis. Results were 
then stored until all of the samples in the study had been analysed. Once the individual 
sample values had been reported to Hammersmith IVF Clinic, the patient information 
was made available. Statistical analysis of the results was then undertaken.
Cadmium concentrations in the diluted samples were found in many cases to be very 
close to, or below the limit of detection for the method (see Section 3.3.3.S), The 
effect of this can be seen in many of the frequency distributions contained in the next 
section, where values appear to be randomly distributed (Figures 4.11 and 4.15 for 
example). Despite this problem, cadmium results are still presented. They should, 
however, be viewed with a certain amount of caution.
4.3.3 Statistical Analysis of the Results
Statistical analysis began with an examination of the whole study population to check 
for underlying trends relating to age and body mass index (BMI). BMI has a normal 
range of 20-25 and is calculated using Equation 4.1 (Hamilton et al., 1991). An 
index of less than 20 indicates that the woman is underweight and more than 30 
indicates obesity.
Body mass index (BMI) = weight in kilo grams Equation 4.1
(height in metres)2
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Figure 4.5: Relationship Between Blood Serum Trace Element
Concentrations and Subject Age
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Figure 4.6: Relationship Between Follicular Fluid Trace Element
Concentrations and Subject Age
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Figure 4.7: Relationship Between Blood Serum Trace Element
Concentrations and Subject Body Mass Index
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Figure 4.8: Relationship Between Follicular Fluid Trace Element
Concentrations and Subject Body Mass Index
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Figures 4.5 to 4.8 show the relationships between age, BMI and concentrations of 
iron, copper, zinc, selenium, cadmium and lead in blood serum and follicular fluid. In 
addition to this, a direct comparison was made between the trace element 
concentrations (iron, copper, zinc, selenium, cadmium and lead) in blood serum and 
follicular fluid. These can be seen in Figure 4.9.
A more detailed statistical evaluation was undertaken to compare the trace element 
concentrations of blood serum and follicular fluid in sub-groups of the total study 
population. The sub-groups were formed using the following criteria; (i) fertility 
status (unexplained infertility versus tubal infertility), (ii) IVF treatment outcome 
(non-pregnant versus pregnant), (iii) pregnancy outcome (no baby versus 1 or more 
babies), (iv) cigarette smoking habits (non-smokers versus smokers versus passive 
smokers) and (v) the use of folic acid as a nutritional supplement (folic acid taken 
versus no folic acid taken). The relationships between trace element concentrations in 
blood serum, follicular fluid and the number of units of alcohol consumed per week 
were also examined.
Statistical analysis was carried out as detailed in Figure 4.1. Hence, each set of data 
was checked for statistical outliers before pairs of data were compared using the 
appropriate Student t-test (p < 0.05) (see Section 4.1 and Appendix B). For each 
case, the null hypothesis was adopted that there was no difference between the 
groups. The results of the statistical comparisons can be seen for blood serum and 
follicular fluid in the following Figures:
Fertility state (tubal infertility / unexplained infertility): Figures 4.10 to 4.13
IVF treatment outcome (non-pregnant / pregnant): Figures 4.14 to 4.17
Pregnancy outcome (no baby / baby): Figures 4.18 to 4.21
Cigarette smoking Figures 4.22 to 4.27
(non-smokers / smokers / passive smokers):
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(no folic acid taken / folic acid taken):
Folic acid supplementation Figures 4.28 to 4.31
A summary of the Student t-test results for blood serum and follicular fluid can be 
seen in Tables 4.4 and 4.5.
Table 4.4: Student t-Test Results for Trace Elements in Blood Serum of IVF 
Patients
C om parison t (95% ) F e Cu Zn Se Cd P b
Tubal /  
U nexplained
critical (p <  0 .05) ±  1.995 ± 1 .9 8 8 ±  1.987 ±  1.987 ± 1 .9 8 9 ±  1.988
calculated* - 1.376 - 0 .592 - 0.793 -0 .8 1 6 - 0 .745 +  0 .017
significant? no no no no no no
Non-Pregnant 
/  Pregnant
critical (p <  0 .05) ±  2 .009 + 1 .9 9 3 ±  1.991 ±  1.987 ±  1.989 ±  1.989
calculated* +  0.163 +  0 .447 -2 .3 5 9 +  0 .390 +  1.995 +  0 .405
significant? no no yes no yes no
N o Baby 
/B a b y
critical (p <  0 .05) +  2.101 ± 2 .1 1 0 ±  2.086 ±  2 .086 ±  2.093 ± 2 .1 0 1
calculated* +  1.668 - 1.142 - 0 .687 - 2 .240 +  1.752 -0 .5 1 7
significant? no no no yes no no
N on-Sm okers 
/  Smokers
critical (p <  0 .05) ±  2 .048 ±  1.992 ± 1 .9 9 0 ±  1.991 ±  1.993 ±  2 .002
calculated* -0 .5 2 1 +  0.315 +  0.635 +  1.673 -0 .1 9 0 - 1.558
significant? no no no no no no
N on-Sm okers /  
Passive Smokers
critical (p <  0 .05) ±  1.997 ± 2 .0 9 3 ±  1.995 ±  1.996 ±  2.003 ±  2 .000
calculated* 0.902 +  0.339 +  1.423 -0 .2 8 2 +  1.028 -2 .1 6 8
significant? no no no no no yes
Sm okers /  
Passive Smokers
critical (p <  0 .05) +  2.045 ±  2.048 ±  2.040 ± 2 .0 4 0 ±  2.060 ±  2 .048
calculated* 1.176 - 0 .044 +  0.671 - 1.286 +  1.020 - 1.629
significant? no no no no no no
N o Folic acid /  
Folic acid
critical (p <  0 .05) +  1.997 ± 1 .9 9 8 ±  1.997 ±  1.997 ±  2 .000 ±  2 .002
calculated* +  0.463 + 1.235 -0 .8 4 8 -0 .5 8 8 +  2 .218 - 0 .046
significant? no no no no yes no
* a + ‘ve  sign indicates that the values are greater for the first sub-group in  the comparison, relative 
to the second, a  - ’v e  indicates that the values are greater for the second sub-group relative to the first
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Figure 4.10: Statistical Comparison Between Trace Element Concentrations
in Blood Serum (Fe, Cu and Zn) for Women with Tubal
Infertility and Women with Unexplained Infertility
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Figure 4.11: Statistical Comparison Between Trace Element Concentrations
in Blood Serum (Se, Cd and Pb) for Women with Tubal
Infertility and Women with Unexplained Infertility
239
Follicular Fluid Iron
Arithmetic Mean* 714
Median* 692
Geometric Mean* 666
Standard Deviation* 259
Sample Variance 67304
Kurtosis -0.30
Skewness 0.42
Range 1103
Minimum* 279
Maximum* 1382
Count (n) 58
Tubal Infertility
Distribution Normal
Outliers Rejected 1
14
12
£40
1 8
ta  4
2
100 400 700 1000 1300
Concentration (ug I *)
| □  Tubal ■Unexplained]
" u g l - '
Calculated Critical 
F-Test 1.308 1.742
t-Test 1.350 1.984
Arithmetic Mean* 648
Median* 687
Geometric Mean* 600
Standard Deviation* 227
Sample Variance 51448
Kurtosis -0.68
Skewness -0.27
Range 834
Minimum* 196
Maximum* 1030
Count (n) 44
Unexplained Infertility
Distribution Normal
Outliers Rejected 1
F o ll ic u la r  F lu id  C o p p e r
T u b a l  In fe r ti li ty
Arithmetic Mean* 803
Median* 801
Geometric Mean* 768
Standard Deviation* 221
Sample Variance 49046
Kurtosis 1.02
Skewness 0.08
Range 1210
Minimum* 213
Maximum* 1423
Count (n) 59
Distribution 
Outliers Rejected
Normal
0
20
e-15s04^I0t
fc. 5
,n ,n iJk
150 450 750 1050 1350
Concentration (ug I ')
[□Tubal ■Unexplained]
* ugl1
Calculated Critical 
F-Test 1.250 1.680
t-Test -0.014 1.983
U n e x p la in e d  In fe r ti li ty
Arithmetic Mean* 
Median*
Geometric Mean* 
Standard Deviation* 
Sample Variance 
Kurtosis 
Skewness 
Range 
Minimum* 
Maximum*
Count (n)
Distribution 
Outliers Rejected
804
769
780
198
39230
- 0.20
0.46
796
491
1287
45
Normal
0
F o ll ic u la r  F lu id  Z in c
T u b a l  In fe r t i li ty
Arithmetic Mean* 403
Median* 412
Geometric Mean* 391
Standard Deviation* 94
Sample Variance 8824
Kurtosis 0.04
Skewness -0.37
Range 471
Minimum* 129
Maximum* 600
Count (n) 58
Distribution 
Outliers Rejected
Normal
1
Concentration (ug I 1) 
| p  Tubal ■  Unexplained]
F-Test
t-Test
Calculated
1.376
0.457
Critical
1.680
1.984
U n e x p la in e d  In fe r t i li ty
Arithmetic Mean* 395
Median* 390
Geometric Mean* 386
Standard Deviation* 80
Sample Variance 6415
Kurtosis -0.37
Skewness -0.25
Range 363
Minimum* 205
Maximum* 568
Count (n) 45
Distribution Normal
Outliers Rejected 0
Figure 4.12: Statistical Comparison Between Trace Element Concentrations
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Figure 4.13: Statistical Comparison Between Trace Element Concentrations
in Follicular Fluid (Se, Cd and Pb) for Women with Tubal
Infertility and Women with Unexplained Infertility
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Figure 4.14: Statistical Comparison Between Trace Element Concentrations
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Figure 4.18: Statistical Comparison Between Trace Element Concentrations
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Table 4.5: Student t-Test Results for Trace Elements in Follicular Fluid of IVF 
Patients
C om parison t (95% ) F e Cu Zn Se Cd Pb
Tubal / critical (p <  0 .05) ±  1.984 ±  1.983 ±  1.984 ±  1.983 ±  1.986 ±  1.992
Unexplained calculated* +  1.350 -0 .0 1 4 +  0 .457 +  0 .615 - 0 .458 - 1.388
significant? no no no no no no
Non-Pregnant critical (p <  0 .05) ±  1.984 ±  1.984 ±  2 .007 ±  1.983 +  1.986 ±  1.991
/  Pregnant calculated* -0 .8 1 8 +  1.176 -1 .0 2 9 +  0 .328 - 0.871 +  0 .518
significant? no no no no no no
N o Baby critical (p  <  0 .05) ±  2 .069 ±  2.074 ±  2 .069 ±  2 .069 ±  2 .074 ± 2 .0 8 0
/B a b y calculated* +  1.626 +  0 .857 +  1.359 +  0 .888 -0 .2 3 3 +  0 .580
significant? no no no no no no
N on-Sm okers critical (p <  0 .05 ) ±  1.988 ±  1.987 ±  1.987 ±  1.987 ±  1.989 ±  1.990
/  Smokers calculated* +  0 .517 +  0 .906 +  0 .872 +  1.954 +  0 .934 +  0.493
significant? no no no 110 no no
N on-Sm okers / critical (p  <  0 .05) ±  1.992 ±  1.992 ±  1.993 ±  2 .080 ±  1.996 ±  1.998
Passive Smokers calculated* - 0 .990 -0 .2 5 9 -0 .3 1 7 - 0 .055 -0 .1 4 5 - 0 .620
significant? no no no no no no
Smokers / critical (p  <  0 .05) ±  2.032 ±  2.026 ±  2 .026 +  2 .026 ±  2 .028 ± 2 .0 3 5
Passive Smokers calculated* - 1.290 -0 .9 3 1 -0 .7 3 7 - 1.499 - 0 .759 - 0 .866
significant? no 110 no no no no
N o Folic acid / critical (p <  0 .05) ±  1.993 +  1.992 ±  1.992 ±  1.992 ±  1.994 ± 2 .0 3 7
Folic acid calculated* -1 .7 7 7 +  0 .270 - 0 .779 +  0.273 +  0 .400 +  1.512
significant? no no no no no no
* a + ‘v e  sign  indicates that the values are greater for the first sub-group in  the com parison, relative 
to the second, a - ’v e  indicates that the values are greater for the second sub-group relative to the first
4.3.4 Discussion of Results
Examination of trends relating to trace element concentration changes in blood serum 
and follicular fluid with age and body mass index (BMI), for the whole study 
population, showed several statistically significant correlations (Figures 4.5 to 4.8). 
In blood serum, both iron and zinc were shown to decrease significantly with 
increasing age (p < 0.05) and copper was shown to increase as BMI increased (p < 
0.05). This latter finding for copper was still significant at p < 0.001. This was also
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observed for copper in follicular fluid. No other significant correlations were found 
for follicular fluid (p < 0.05).
Comparisons between blood serum and follicular fluid trace element concentrations 
for the whole study population (Figure 4.9) showed significant correlations for iron, 
copper and selenium (p < 0.05). The correlation for iron was still significant for p < 
0.01, and for both copper and selenium at p < 0.001. Trace element concentrations in 
follicular fluid were found to be lower than those in blood serum for all of the 
measured elements. This trend has also been observed by several authors in the 
literature (Kiilholma et al., 1986; Paszkowski et a!., 199S; Paszkowski et al., 
1996). Follicular fluid is known to contain constituents from blood serum that diffuse 
across the basement membrane of the ovarian follicle. However, some components of 
follicular fluid are produced locally, so trace element concentration trends in blood 
serum would not necessarily be reflected in follicular fluid (Edwards, 1974). Despite 
this, the results clearly show a statistically significant relationship between trace 
element concentrations (iron, copper and selenium) in blood serum and follicular fluid.
4.3.4.1 Comparison Between Female Infertility States
Trace element concentrations in blood serum and follicular fluid were compared 
between women with tubal infertility (n = 59) and women with unexplained infertility 
(n = 45). The number of subjects statistically evaluated was reduced in some cases 
due to rejection of haemolysed samples and statistical outliers (p < 0.05) (Figures 
4.10 to 4.13). Student t-tests showed no significant differences between the groups 
for either blood serum or follicular fluid (p < 0.05). Though not statistically 
significant, mean concentrations for iron, copper, zinc, selenium and cadmium in 
blood serum were observed to be higher in the unexplained infertility group than in 
the tubal infertility group, but were lower for lead. Concentrations of iron, zinc and 
selenium in follicular fluid were higher for the tubal group, but copper, cadmium and 
lead were higher for the unexplained group.
Very few authors in the literature have compared trace elements in blood serum and 
follicular fluid for different female infertility states. Paszkowski et al., (1995) looked
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exclusively at selenium and reported higher serum concentrations for women with 
unexplained infertility (n = 35) compared to those with tubal infertility (n = 51), 
though this difference was not statistically significant. The authors reported the 
opposite for follicular fluid; selenium was higher in the group with tubal infertility 
compared with unexplained infertility. This difference was statistically significant (p < 
0.02). These trends reported by Paszkowski et al., (1995) agree with those observed 
for blood serum and follicular fluid in the tubal and unexplained groups for this 
current study (though these differences were not found to be significant).
The lack of significant differences observed for these two populations may be in part 
due to the design of the study. The original plan was to use women with tubal 
infertility as the control population, since the cause of their infertility was assumed to 
be known. These women were also subject to similar hormone treatment prior to egg 
collection and so any effect of administering such hormones on trace element levels 
was likely to be similar for both groups. However, the assumption that the tubal 
group would have a ‘normal’ trace element status is probably flawed. Tubal infertility 
is often caused by physical defects or blockages to the fallopian tubes, but can also be 
caused by tubal disease (Jones, 1991; Neuberg, 1991). Such women would be 
unlikely to have a ‘normal’ trace element status. Zinc, for example, is known to be 
depleted in a number of disease states (Prasad, 1976). A better comparison for these 
infertility states could perhaps have been made with a normal population of healthy 
women, with no known fertility problems.
4.3.4.2 Trace Elements and IVF Outcome
The study population was divided into two groups based on the outcome of their IVF 
treatment. The trace element concentrations in blood serum and follicular fluid were 
compared for women who became pregnant (n = 35) with those who did not become 
pregnant after IVF (n = 69). The number of subjects statistically evaluated was 
reduced in some cases due to rejection of haemolysed samples and statistical outliers 
(p < 0.05) (see Figures 4.14 to 4.17). Results showed that zinc in blood serum was 
significantly higher for women who became pregnant compared to those who did not 
become pregnant (p < 0.05). Cadmium concentrations were also found to be
262
significantly higher for women who did not become pregnant (p < 0.05). This was an 
interesting result as zinc and cadmium are known antagonists (Ward et al., 1987a; 
Ward et al., 1990a). The higher levels of zinc in the women who became pregnant 
may have been protecting them from possible adverse effects of cadmium (see 
Section 1.1.2). Zinc is also known to be important for the proper function of the 
female reproductive system and so may have been a contributory factor in the 
successful outcome of the IVF treatment (Lappe, 1983). Other than zinc, all of the 
measured elements were generally higher in the women who did not become pregnant. 
At present there is no known information to clarify these observations. No significant 
differences were found for follicular fluid, but levels of copper, selenium and lead 
were generally higher in the non-pregnant group, compared to iron, zinc and cadmium 
which were generally higher in the pregnant group.
Several papers in the literature have examined the relationships between trace element 
concentrations in follicular fluid and the number of eggs collected and fertilized during 
IVF treatment (Kiilholma et al., 1986; Ng et al., 1987). No significant links were 
reported. The same was also found for the current study (Figures 4.32 and 4.33), Ng 
et al., (1987), concluded that this was because the trace element content of follicular 
fluid was similar to that of blood serum. However, this ignores the fact that many 
constituents of follicular fluid are produced locally (Edwards, 1974).
4.3.4.3 Trace Elements and Pregnancy Outcome
The women who became pregnant after IVF treatment (as described in Section 
4.3.4.1) were further sub-divided according to the outcome of their pregnancy. The 
trace element concentrations in blood serum and follicular fluid were compared for 
women who had a baby (or more than one baby) (n = 17) and for those who did not 
have a baby (n = 8). The number of subjects statistically evaluated were reduced in 
some cases due to rejection of haemolysed samples and statistical outliers (p < 0.05) 
(see Figures 4.18 to 4.21). Selenium in blood serum was found to be significantly 
higher in the women who succeeded in having a baby (p < 0.05). No other significant 
elemental differences were found in blood serum or follicular fluid. This finding for 
selenium is in agreement with the work of Barrington et al., (1996). The authors
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Figure 4.34: Relationship Between Blood Serum Trace Element
Concentrations and Subject Alcohol Consumption
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found a significantly lower blood serum selenium concentration in women who had 
miscarried in the first trimester of their pregnancy (n = 40), compared to those with a 
viable third trimester pregnancy (n = 40) and with healthy non-pregnant women (n = 
40).
This current study shows that women who had a successful pregnancy had higher 
levels of copper, zinc and selenium in their blood serum (though only selenium was 
statistically significant). Women with unsuccessful pregnancies had higher 
concentrations of iron and cadmium in their blood serum. These findings agree with 
several reports in the scientific literature. Cadmium (e.g. measured in placental tissue 
and investigated in relation to cigarette smoking) has been shown to produce foetal 
malformations. High concentrations of iron (through excessive iron supplementation) 
may also be detrimental to the health of the foetus (Bryce-Smith et al., 1981; Ward 
et al., 1987; Ward et al., 1987a; W ard et al., 1990a; Ward, 1991).
Follicular fluid concentrations were higher for all of the measured elements, except 
cadmium, in women who did not have a baby.
4.3.4.4 Trace Elements and Cigarette Smoking Activity
The study population was divided into non-smokers (n = 65), smokers (n = 27) and 
passive smokers (n = 12). Concentrations of iron, copper, zinc, selenium, cadmium 
and lead in blood serum and follicular fluid were then compared between the three 
groups. The number of subjects statistically evaluated was reduced in some cases due 
to rejection of haemolysed samples and statistical outliers (p < 0.05) (see Figures 
4.22 to 4.27).
Only one significant difference was observed; lead in the blood serum of passive 
smokers was significantly higher than in non-smokers (p < 0.05). Relatively little is 
known about the normal levels of lead in blood serum. This is mainly because it is 
usually measured in whole blood. Only a small fraction of lead in blood is found in 
blood serum (Versieck and Cornelis, 1989).
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Results should, potentially, have shown a difference in cadmium concentrations 
between smokers, non-smokers and passive smokers. Cigarette smoking is known to 
increase levels of cadmium in the body (Peereboom-Stegeman, 1987; Ward, 1991). 
Higher follicular fluid cadmium levels have been reported in the literature for smokers 
and passive smokers, compared to non-smokers (Zenzes et al., 1995). The reason 
that such trends were not observed in this study may be due to the cadmium 
concentrations in solution being so close to the limit of detection.
4.3.4.5 Folic Acid Supplementation
A number of the volunteers in the study population reported using folic acid as a 
nutritional supplement. Blood serum and follicular fluid trace element concentrations 
were compared between subjects who took folic acid supplements (n = 26) and those 
who took no form of nutritional supplement (n = 52). Subjects who reported taking 
other nutritional supplements, with or without folic acid, were excluded from these 
two groups. The number of subjects statistically evaluated was reduced in some cases 
due to rejection of haemolysed samples and statistical outliers (p < 0.05) (see Figures 
4.28 to 4.31).
Results for this comparison showed only one statistically significant difference; 
cadmium in blood serum was higher for those who did not take folic acid supplements 
(p < 0.05). Individuals were not asked to give a reason for talcing the nutritional 
supplements. However, folic acid is often taken by women who are trying to become 
pregnant in order to prevent neural-tube defects in the foetus, such as spina bifida 
(Davies and Stewart, 1987). Cadmium has not been shown to have any neurological 
effects on the foetus (see Section 1.2.5.11), The lower cadmium concentrations in 
women taking folic acid are therefore unlikely to be the cause of any future prevention 
of neural tube defects.
4.3.4.6 Alcohol Consumption
Concentrations of iron, copper, zinc, selenium, cadmium and lead in blood serum and 
follicular fluid were compared to the mean alcohol consumption of individuals (units
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of alcohol per week) for the whole study population. No statistically significant 
correlations were found (Figures 4.34 and 4.35).
4.4 Seminal Plasma Study
This study examined the trace element status of seminal plasma for a population of 
men from couples undergoing IVF treatment at Hammersmith Hospital IVF Clinic. 
The samples used for this investigation had already been collected for use in another 
study. It was originally hoped that the trace element concentrations in the seminal 
plasma could be compared with the different semen parameters of the samples (sperm 
count and motility), but this information was unavailable. The results were therefore 
reported as a whole population (Table 4.6), and the values compared with those in 
the scientific literature.
Samples were removed from the freezer in small batches and thawed prior to analysis. 
These were then centrifuged at 13000 rpm for 15 minutes to separate the seminal 
plasma from the spermatozoa. Samples were measured in duplicate unless insufficient 
sample was available. A minimum of 0.5 ml was used for each 10-fold sample 
dilution, giving a minimum final volume of 5.0 ml after dilution with 1% nitric acid. 
When sufficient sample was present, 1.0 ml was usually diluted to 10.0 ml. Samples 
were then analysed with a 1:1 on-line addition of an internal standard solution 
containing 5% methanol and 50 (ig I'1 of cobalt, germanium, indium and bismuth in 
1% nitric acid. This gave a final dilution factor of 1:20.
Quality control was undertaken through the analysis of Seronorm® certified reference 
blood serum with each batch of study samples analysed. Good agreement with the 
certified values was only achieved for copper and selenium. This had also been found 
during method validation and was mainly due to the different analyte levels in the two 
matrices (seminal plasma and blood serum) (see Section 3.3.4.2). Unfortunately this 
was the closest matrix match possible as no certified reference materials were 
available for seminal plasma.
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Concentrations were not reported for lead in this study due to problems at the high 
mass end of the ICP-MS when measuring the samples. This did not affect the analysis 
of the other five elements.
Table 4.6: Population Statistics for Trace Elements in Seminal Plasma
Fe Cu Zn Se Cd
pg r 1 pg r 1 mg r 1 p g r 1 I ig f1
n 135 152 159 158 155
Arithmetic Mean 411 85 124 40.2 0.74
Standard Deviation 284 20 74 19.1 0.33
Median 381 78 103 36.2 0.65
Geometric Mean 352 83 99 35.9 0.67
Minimum 6 61 11 10.6 0.11
Maximum 1085 150 357 97.2 1.66
Pleban and Mei, (1983), have reported concentration ranges for iron, copper, zinc, 
selenium and cadmium in the seminal plasma of patients suspected of infertility. These 
values are summarised in Table 4.7.
Table 4.7: Trace Element Concentrations in Seminal Plasma of Patients 
Suspected of Infertility (taken from Pleban and Mei, 1983)
Fe Cu Zn Se Cd
II Pg 1’ P g r 1 m g I’1 p g r 1 . P g r 1
Concentration Range 1 0 1 -6 3 1 30 - 220 8 - 2 7 0 21 -1 9 0 0 .1 5 -1 0 .0 0
A comparison of these values with those in Table 4.6 shows that the ranges are in 
reasonably good agreement with one another, though the upper limit of the ranges for 
selenium and cadmium are much higher than for the current study. Other authors 
reporting values for infertile men include Roy et a l (1990), who reported a mean 
selenium concentration of 63.3 ± 20.4 pig I'1 in the seminal plasma of 201 men from 
infertile couples and Oldereid et ah, (1994) who reported values of 39.4 ± 15.8 pg f 1 
for selenium in the seminal plasma of 184 infertile men. The values reported by 
Oldereid et ah, (1994) are in very good agreement with the values for the current 
study (40.2 ± 19.1 pg f 1 for 158 men). Another study reported cadmium
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concentrations of 0.44 ± 0.73 p,g I'1 in the seminal plasma of 118 infertile men. This 
compared to a mean of 0.38 ± 0.64 pg I"1 for 12 fertile men (Keck et al., 1995). 
Values for the current study were higher at 0.74 ± 0.33 pg I'1 for 155 men. 
Comparison with other literature sources is difficult as most report trace element 
concentrations in seminal plasma or semen for specific semen quality groups 
(normozoospermic, asthenozoospermic, oligozoospermic and azoospermic) (see also 
Table 2.9 in Chapter 2).
4.5 Summary
This chapter has demonstrated the application of methods developed for the analysis 
of trace elements in human scalp hair, blood serum, follicular fluid and seminal plasma 
to the assessment of trace elements in populations with different fertility states.
A number of significant differences were observed for scalp hair and blood serum, but 
none for follicular fluid. Seminal plasma concentrations for a population of men from 
infertile couples compared favourably with values from the literature. Trace element 
levels in the scalp hair of fertile and infertile women showed that iron and manganese 
were significantly higher in the infertile group (p < 0.05). The trace element 
concentrations of scalp hair were also compared for men with different semen 
parameters. Zinc was found to be significantly lower in men with low sperm counts (p 
< 0.05). Trace elements in the blood serum of women undergoing In-vitro 
Fertilization (IVF) treatment showed several differences for sub-groups of the study 
population. When comparing IVF outcome, zinc was found to be significantly higher, 
and cadmium significantly lower, in the blood serum of women who became pregnant, 
compared to those who did not become pregnant. Comparison of pregnancy outcome 
showed that selenium in blood serum was significantly higher in women who had a 
successful pregnancy. Finally, lead was found to be significantly higher in the blood 
serum of passive smokers compared to non-smokers, when comparing cigarette 
smoking habits.
The possible reasons for the differences observed in these studies were discussed.
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This work aimed to investigate the relationship between trace elements and fertility in 
humans. Existing information in the scientific literature was found to be fairly limited 
and a number of authors reported contradictory findings. Further research was 
therefore needed in order to try and clarify the situation.
Trace elements that had already been established as being important to human fertility 
and infertility were selected for measurement in human tissues and fluids (scalp hair, 
blood serum, ovarian follicular fluid and seminal plasma). Methods were developed 
and validated for the analysis of trace elements in these biological materials by 
inductively coupled plasma mass spectrometry (ICP-MS). Validation procedures 
needed to ensure both accuracy and precision. These were performed using CRMs, 
spike recoveries and an interlaboratory comparison of analytical methods (pneumatic 
nebulization and hydride generation ICP-MS compared with instrumental neutron 
activation analysis).
Method Development and Validation
Method development for human scalp hair examined various aspects of the analysis 
process from sample collection through to instrumental analysis. Homogenisation and 
washing procedures were investigated first. After trying a number of alternatives, 
homogenisation of scalp hair was undertaken by manual cutting. This was not ideal as 
it was time consuming and sample handling was difficult due to static electricity. 
There was also potential for sample contamination from the scissors. Alternative 
methods using liquid nitrogen and mechanical grinding have been reported in the 
literature to produce a powdered hair sample (Yoshinaga et al., 1997). This would be 
an ideal solution to the problem, but the cost of the equipment prevented such 
methods being used in this study. Various washing procedures were investigated for 
the removal of exogenous contamination from the surface of hair samples. Results 
showed that the method proposed by the International Atomic Energy Agency 
(sequential washes with acetone, water, water, water and acetone) was most suitable
Introduction
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for use (IAEA, 1978). This method produced good reductions in analyte levels 
compared to unwashed hair and was relatively easy to use. Precision was also 
improved compared to unwashed hair. However, it was not established whether the 
elements being washed from the hair were exogenous or endogenous in origin. This 
could only have been achieved through the use of stable or radio-isotope enrichment.
Several dry ashing and wet digestion methods were investigated for the dissolution of 
scalp hair. A 50 pg I"1 indium internal standard was used throughout to correct for 
non-spectroscopic interferences and instrumental drift. This was pipetted into each 
individual solution prior to analysis. Validation of these methods using spike 
recoveries and the analysis of certified scalp hair reference material (GBW 09101, 
National Research Centre for Reference Materials, China), showed that a dry ashing 
method was most suitable, as wet digestion gave significantly higher vanadium and 
chromium concentrations. This was probably due to polyatomic species of chlorine 
(35C1160 , 37C114N and 37C1160), interfering with the vanadium (51V+) and chromium 
(53Cr+) peaks during analysis by ICP-MS.
The selected dry ashing method involved the addition of 5 ml of 5% nitric acid to each 
hair sample prior to ashing in order to control the loss of volatile compounds from the 
hair. Although this gave the best performance out of the developed methods, it was by 
no means ideal. Analysis of certain elements using this method gave consistently poor 
results, with spike recoveries that were too high in some cases (e.g. aluminium) and 
too low in others (e.g. nickel). Heterogeneous samples may have been part of the 
reason for this, despite efforts to homogenise the bulk hair samples. The dissolution 
method probably contributed to some of the problems as well (for example, possible 
aluminium contamination from the muffle furnace). Further work in this area could 
perhaps concentrate on some form of closed-vessel method, ideally using microwave 
digestion for speed and control. Another possibility may be the use of tetra-methyl 
ammonium hydroxide (TMAH) for solubilising the scalp hair samples (Barlow et al 
1985). Such methods would make the analysis of volatile elements (e.g. mercury and 
selenium) in scalp hair more viable. It would be useful to measure these elements at
275
the same time as the less volatile elements, rather than having to resort to a separate 
hydride generation or cold vapour technique.
Despite the difficulties, the selected method was applied to the analysis of aluminium, 
vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, molybdenum, 
cadmium and lead in the scalp hair of men and women with specific fertility problems.
Method development for blood serum began by examining existing wet digestion 
methods for sample preparation. These were then compared to simple dilution 
methods. The selected wet digestion method involved the addition of concentrated 
nitric acid (5 ml) to the sample (1 ml), contained in tall glass tubes, before heating to 
120°C for 3 hours in an aluminium heating block (Churchman, 1997). The effect of 
post-digestion methanol addition was investigated in order to improve the analysis of 
selenium by pneumatic nebulization ICP-MS. Instrument sensitivity was found to be 
improved by a factor of seven for selenium with methanol addition. Sensitivity was 
also improved for the other analytes (iron, copper, zinc, cadmium and lead), probably 
through a change in sample viscosity and from improved ionisation in the ICP-MS 
plasma (Evans and Giglio, 1993). Background counts were shown to decrease for 
selenium, due to the reduction of interferring argon polyatomics (e.g. 40Ar40ArH2), but 
increased for the other analytes. This was possibly due to the increased carbon loading 
of the plasma. The analysis of selenium using this method was compared to hydride 
generation ICP-MS. The hydride technique was found to give lower values for a 
pooled serum sample (69.5 ± 7.2 pg I'1 compared to 89.7 ± 9.3 pg f 1 for the methanol 
method), but similar precision (relative standard deviations were typically ± 10% for 
both methods).
Methods were then investigated for the dilution of blood serum. Different dilution 
factors were investigated for a synthetic serum sample. A 20-fold dilution was found 
to be most suitable for minimising matrix suppression effects. This involved a 10-fold 
dilution of the sample, followed by a further 2-fold dilution through on-line mixing 
with a solution containing four internal standards (at 50 pg I'1) in 5% (v/v) methanol
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and 1% (v/v) nitric acid. On-line addition (via a glass T-piece) removed the possibility 
of errors arising from the pipetting of internal standards into individual sample 
solutions. Four internal standards were used to enable correction for non- 
spectroscopic interferences and instrumental drift in different regions of the mass 
spectrum. Cobalt (59Co), was used to correct for iron (54Fe), copper (65Cu) and zinc 
(66Zn); germanium (74Ge) for selenium (82Se); indium (115In) for cadmium (112Cd) and 
bismuth (209Bi) for lead (208Pb). These internal standards were selected so that they 
were as close in mass number as possible to the analytes, as recommended by 
Vanhaecke et al., (1992). The concentrations in blood serum of the selected internal 
standards were also very low, and so would make very little contribution to the 
internal standard signals. On-line addition of four internal standards was also used for 
the digestion methods already mentioned.
Other investigations were made for the blood serum dilution method. These included 
the optimization of ICP-MS parameters for radiofrequency forward power (Rf) and 
nebulizer flow rate. An Rf of 1.5 kW together with a nebulizer flow rate of 0.9 1 min'1 
was found to give optimum signal intensities in the presence of 5% methanol. Another 
experiment examined long-term signal stability for a 20-fold dilution of blood serum. 
The signal was observed to remain stable for around 280 minutes of continuous 
aspiration. Signal intensities gradually increased during this time, but the four internal 
standards were shown to correct for this change. In general, using this method 
resulted in relative standard deviation values of ± 4%. Deterioration of the signal after 
280 minutes was observed to be related to a slight build-up of material in the ICP-MS 
sample injector.
Method validation was undertaken using spike recoveries from pooled blood serum 
and Seronorm® certified reference serum (Nycomed Pharma, Norway). The 20-fold 
serum dilution method gave good spike recoveries for all six measured elements 
(ranging from 95-107%). Serum preparation by wet digestion gave zinc recoveries 
which were slightly too low (89%) and cadmium and lead recoveries which were too 
high (548% and 246% respectively). Analysis of Seronorm® gave values within the 
certified ranges for copper, zinc and selenium using simple dilution procedures, but
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only for zinc and selenium using wet digestion. The 20-fold dilution method was 
selected for use in the applied studies. The limits of detection for this method were 
found to be well below the analyte levels in blood serum for iron, copper, zinc and 
selenium, but were closer for cadmium and lead. This dilution method was applied 
directly to the analysis of follicular fluid, without any further changes. This was 
possible as the composition of these two fluids is very similar (Edwards, 1974).
Method development for seminal plasma involved the adaptation of the dilution 
method that had already been developed for blood serum and follicular fluid. A 10­
fold and 20-fold dilution were compared. Some difficulties arose due the very high 
levels of zinc in seminal plasma (typically 100 mg I'1, compared to ~1 mg I'1 in blood 
serum). This meant that iron, copper and zinc had to be measured using the Faraday 
cup detector of the ICP-MS (as opposed to the channel electron multiplier) to enable 
iron, copper, zinc, selenium, cadmium and lead to be determined at the same time. 
Method validation showed that a 1:20 dilution was most suitable for the analysis of 
these elements. However, neither of the dilution factors used was ideal for the 
determination of cadmium and lead, as analyte concentrations (typically 0.01 ug I'1) 
were close to the detection limit of the method. Another problem was the 
unavailability of a suitable certified reference material. Seronorm blood serum CRM 
was used, but had very different concentration levels of zinc to those in seminal 
plasma.
An interlaboratory comparison was undertaken to compare the analysis of biological 
materials (internally produced reference materials and commercial certified reference 
materials) by ICP-MS with instrumental neutron activation analysis (INAA). INAA 
was carried out at the Hahn-Meitner-Institut, Berlin. Results showed generally good 
agreement between the two laboratories for the analysis of certified reference 
materials, with INAA giving the best performance in terms of precision and agreement 
with certified values. ICP-MS values were in general better for zinc than for selenium 
or iron. Problems with the analysis of selenium by hydride generation ICP-MS need to 
be addressed in future work. Internal reference samples showed greater variability 
between the two techniques. This was thought to be in part due to poor sample
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homogeneity (as reflected in the higher relative standard deviations for replicate 
analyses), highlighting the need for greater care in the preparation of such internal 
samples.
Preliminary studies were undertaken to investigate the protein speciation of blood 
serum and follicular fluid. Problems with sample collection were highlighted in the 
initial work. Addition of trifluoroacetic acid was found to be causing fragmentation of 
the protein species. Changes to the collection procedure improved the situation. Peak 
shapes using ultra-violet detection were observed to change with different samples of 
follicular fluid, perhaps indicating the presence of different protein species. The trace 
element analysis of these protein fractions showed different elements were associated 
with different protein peaks. Much more work is needed in this area., particularly to 
examine links between trace element species and specific infertility problems.
Applied Studies
The methods developed for the analysis of trace elements in human scalp hair, blood 
serum, ovarian follicular fluid and seminal plasma were applied to the analysis of 
samples from individuals with different fertility states. Each of these studies was 
carried out ‘blind’ until all of the samples had been analysed and the data reported.
A comparison of trace elements in the scalp hair of fertile and infertile women showed 
that iron and manganese were significantly higher in the infertile group (p < 0.05). 
The reasons for this are not clear, but high iron concentrations have been suggested in 
the literature as a possible cause of infertility and of foetal malformations (Lappe, 
1983; Ward et a l 1990a). The trace element concentrations of scalp hair were also 
compared for men with different semen parameters. Zinc was found to be significantly 
lower in men with low sperm counts (p < 0.05). This agreed with some of the 
literature studies that have measured zinc in seminal plasma and semen, but disagreed 
with others (Stankovic and Miltac Devic, 1976, Skandhan et al., 1978; Wood et 
ah, 1982; Pleban and Mei, 1983). The distribution of trace elements in scalp hair for 
both men and women was found to be log-normal for all measured elements, apart
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from zinc. Zinc was normally distributed. These trends have also been observed in the 
scientific literature (Ryan et al„, 1978; Ryabukhin, 1980). A link has been suggested 
in the literature between zinc concentrations and the rate of hair growth (Barlow et 
a l 1985; Howard, 1990). If zinc is involved in the rate of hair growth, this has 
serious implications for the interpretation of zinc levels in scalp hair. The effect of this 
on the concentrations of other elements also needs to be considered, since trace 
element levels in a given length of hair will change if the hair is growing at a different 
rate. It seems that further research is needed to clarify what is occurring. In any case, 
the interpretation of trace element scalp hair analysis results should be approached 
with caution.
The second applied study investigated the trace element concentrations in the blood 
serum and follicular fluid of patients undergoing In-vitro Fertilization (IVF) treatment. 
Results for the whole study population were examined for trends relating to the age 
and body mass index (BMI) of the individual patients. Iron and zinc in blood serum 
were found to decrease significantly with increasing age (p < 0.05). Copper in blood 
serum and follicular fluid was found to increase significantly with increasing BMI (p < 
0.001). The relationship between trace element concentrations in blood serum and 
follicular fluid was also studied. Follicular fluid was found to contain lower 
concentrations of all measured trace elements compared to blood serum. This was in 
good agreement with the scientific literature (Kiilhoima et al., 1986; Paszkowski et 
al., 1995; Paszkowski et al., 1996). Positive correlations were found between blood 
serum and follicular fluid for iron (p < 0.01), copper (p < 0.001) and selenium (p < 
0.001). This shows that trace element levels in blood serum can be used as an 
indicator for certain elements in follicular fluid.
Sub-divisions of the study population were then compared in terms of fertility status, 
IVF treatment outcome, pregnancy outcome, cigarette smoking habits and the use of 
folic acid as a nutritional supplement. Student t-tests were used to evaluate the 
differences in blood serum and follicular fluid trace element concentrations between 
the sub-groups. No significant differences were observed in any of these sub-groups 
for trace elements in follicular fluid. However, some significant differences were
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found for trace elements in blood serum (p < 0.05). When comparing IVF outcome, 
significantly higher zinc, and lower cadmium were found in the blood serum of 
women who became pregnant, compared to those who did not become pregnant. This 
was possibly an antagonistic effect between these two elements (Ward et al., 1987a; 
Ward et al., 1990a). When comparing pregnancy outcome, selenium in blood serum 
was found to be significantly higher in women who had a successful pregnancy. This 
finding agreed with the work of Barrington et al., (1996), who reported a possible 
link between low selenium concentrations and miscarriages. Other general trends for 
blood serum in these two sub-groups showed that zinc, copper and selenium were 
higher in women who produced a baby, but iron and cadmium were higher in women 
who did not produce a baby. The adverse effects of cadmium on fertility and the 
developing foetus are well known (Peereboom-Stegeman, 1987; Ward et al., 1987; 
Ward et al., 1987a). High iron concentrations have also been linked with infertility 
and foetal malformations (Ward et al., 1990a). The comparison of cigarette smoking 
habits showed only that lead was significantly higher in the blood serum of passive 
smokers compared to non-smokers. No statistically significant differences were 
observed for cadmium, despite the well known links between cadmium and cigarette 
smoking (though general trends did show that cadmium was higher in smokers 
compared to non-smokers and passive smokers). This was probably caused by the 
close proximity of cadmium in the measured fluids to the limit of detection for the 
analysis method. The comparison for folic acid supplementation showed only that 
cadmium was lower in those patients who took folic acid. The reason for this was not 
clear.
The relationship between trace elements and individual alcohol consumption for the 
whole study population was investigated, but no significant trends were observed. The 
link between trace element concentrations and the number of eggs collected and 
fertilized during IVF treatment was also examined, but no significant trends were 
found here either. This was in agreement with the limited literature available on the 
subject (Kiilholma et al., 1986; Ng et al., 1987).
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The final study examined the trace element concentrations in seminal plasma for a 
population of men from infertile couples. Good agreement was found between these 
values and those in the literature. It was not possible to divide this study population 
into sub-groups with different semen parameters. Various authors in the literature 
have already done this, but the results are contradictory in many cases, especially for 
zinc in both seminal plasma and semen. Further work is needed to clarify the situation. 
Part of the problem may lie in the sample collection. If seminal plasma is to be 
analysed, it should be separated from the spermatozoa as soon as possible after 
collection. Nutrient concentrations in seminal plasma, including those of trace 
elements, are likely to change with time due to spermatozoa activity. It could, 
therefore, be argued that the measurement of trace elements in whole semen would be 
more meaningful than for seminal plasma. Semen analysis would, however, require a 
more complicated sample preparation procedure than the dilution method used in this 
study. This would increase the risk of analyte losses and/or external contamination.
Further Remarks
The main objectives of this study were:
(i) to develop and validate analytical methods for the determination of trace elements 
in human scalp hair, blood serum, ovarian follicular fluid and seminal plasma,
(ii)to apply these methods to the assessment of trace element levels in both infertile 
and fertile groups of men and women.
These objectives have been largely achieved. There are, however, a number of areas 
which would benefit from further research.
In general, it would be useful to broaden the number of elements measured in the four 
biological tissues and fluids studied. It would also be beneficial to increase the size of 
the study populations to improve the statistical power of the data. Both of these 
factors would enable more solid conclusions to be drawn about the part played by
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trace elements in human fertility. To this end, much more work is also needed on trace 
element speciation. Total trace element levels can only be of limited use as they 
provide no information about the form of the trace element or its site of action. The 
significance of trace elements in human fertility is only likely to be taken seriously by 
the general medical profession if specific, well defined roles and modes of action are 
identified.
Further work is also required in some specific areas relating to the preparation and 
analysis of trace elements. The analysis of scalp hair needs more study due to 
problems with the measurement of certain trace elements (such as aluminium, nickel 
and selenium) and with the interpretation of results. The effect of zinc on the rate of 
hair growth is of particular concern in this study. The dilution methods for blood 
serum and follicular fluid performed well and require little further work, but efforts 
could be made to reduce the limits of detection, particularly for cadmium and lead. 
This could be achieved through further optimization of the ICP-MS, or through more 
careful control of the sample preparation environment to eliminate any external 
contamination that may be occurring. The dilution method for seminal plasma also 
performed reasonably well, but there was room for improvement, particularly for 
cadmium and lead.
Careful consideration also needs to be given to the usefulness of trace element 
measurements in some of these materials. Seminal plasma, for example, may not be 
the best matrix for assessing the reproductive trace element levels of men. Whole 
semen or spermatozoa analysis should also be considered (or perhaps all three could 
be measured to investigate further the relationship of trace elements amoungst them). 
Follicular fluid may also be of limited use, particularly as no trends were observed 
between the various study populations. This is reinforced by the undesirable sample 
collection procedure, which due to clinical constraints, uses a stainless steel needle 
and flushing solutions. Larger study populations may reveal some trends, but equally 
they may not. Blood serum is easier to collect, has higher analyte levels and showed a 
degree of trace element variability relative to the sub-groupings.
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Finally, the analysis of trace elements in human scalp hair, blood serum, follicular fluid 
and seminal plasma could be enhanced through the use of other instrumental methods. 
Of particular interest are high resolution inductively coupled plasma mass 
spectrometers and the new generation of ICP instruments with collision cell 
technology. Such techniques could improve sensitivity, lower detection limits and 
enable many of the main spectroscopic interferences to be avoided or removed.
284
Appendix A
ICP-MS Spectroscopic Interferences
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Appendix B
Statistics
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A number of statistical tests and procedures have been used in this study. Most of 
these tests have been undertaken with the aid of a computer, but the calculations 
involved are detailed below, together with a description of the purpose and operation 
of the test or function.
B1 Descriptive Statistics
«
Descriptive statistics are used primarily to summarise a set of data such that any 
patterns or trends are more clearly seen. The main descriptive functions are detailed 
below.
Arithmetic Mean (x)
The arithmetic mean (often abbreviated just to mean) is the average of all 
measurements (Miller and Miller, 1993). It is the sum of all measurements (x) 
divided by the number of measurements (n):
x =  E; Xi / n Equation B1
Standard Deviation (s or sd)
Standard deviation is a measure of the spread of results in a set of data about the 
mean. It is calculated as follows:
sd = V (E; (xi - x)2 / (n-1)) Equation B2
Variance (s2)
Variance is the square of the standard deviation and is a measure of the extent to 
which results in a set of data differ from one another. The larger the variance, the 
greater the difference between the results (Farrant, 1997).
290
Relative Standard Deviation (rsd)
Also known as the coefficient of variation, rsd is a measure of the relative error of a 
set of data. Relative standard deviations enable comparison between the precision of 
results that may have different orders of magnitude or units (Miller and Miller, 
1993). Rsd is given using the following equation, and is expressed as a percentage:
rsd = ( s / x ) .  100 Equation B3
Geometric Mean
The geometric mean is a measure of the average rate of change of values in a data set, 
given a varying rate of change. It is calculated as the nth root of the product of a set 
of data:
Geometric Mean = nV (xi ,x2... . x„) Equation B4
Median
The median is the middle value in a set of data when the data is arranged in ascending 
order. For data sets where n is even, the median is the average of the middle two 
values. When n is small (3 for example) median can often be a better approximation of 
the central tendency of a set of data as it is independent of outliers (see Section BS 
below). For this reason, median is also a better estimation of central tendency for 
larger distributions of data which deviate from normality (see Section B4 below) 
(Miller and Miller, 1993; Farrant, 1997).
Range
The range of a set of data is the difference between the lowest and highest values. 
This information is only of limited value in large sets of data, especially when outliers 
are present (see Section B5) but can be used as a measure of variance for very small 
sample sizes (e.g. n = 2) (Farrant, 1997).
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Skewness
Skewness is a measure of the degree of symmetry in a distribution. A symmetrical 
distribution has a skewness of zero and deviations from this are either positive or 
negative, depending upon the direction of the skew (Farrant, 1997). Skewness is 
calculated using the following equation:
skewness = Ei (x; - x)3 Equation B5
s3-(n-l)
Kurtosis
Kurtosis is a measure of the peakedness of a distribution (Farrant, 1997). It is 
calculated as follows:
kurtosis = 2; (xj - X)4 Equation B6
Frequency Distributions
Frequency distributions are a useful way of arranging the values in a set of data to 
give a clearer picture of how they are distributed within the data set. The data set is 
divided into a number of different groups and the number of values within each group 
is calculated. A plot can then be made of these groups against frequency (Farrant, 
1997).
B2 Correlation Coefficient
Correlation coefficients (r) are used to describe the degree of association between two 
sets of data. The calculated value of r will lie somewhere between -1 and +1, where 
highly correlated data are close to (±)1 and uncorrelated data are close to zero 
(Farrant, 1997). Correlation coefficients are used, for example, in assessing the 
linearity of a calibration plot (see B3 below), where r values of > 0.99 are desirable. 
The equation for calculating r is as follows:
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r  =  (n .Z i(x i. y,)) - (E;Xi. E;y;) Equation B7
V (((n.EiXj2) - (EixO2)  . ((n .E iyi2) - (E iyi)2) )
B3 Linear Regression
The linear response of an instrument to a given concentration of analyte is used for 
instrument calibration. Values are obtained over a range of concentrations and the 
instrument response is quantified using linear regression. Linear regression uses the 
method of least squares to find the line of best fit between concentration (which is 
deemed to be fixed) and instrument response. This determines m and c in the general 
equation for a straight line:
y = mx + c Equation B8
where m is the gradient or slope of the line and c is the intercept of the line on the y 
axis at x = 0. The following equations are used to calculate m and c respectively 
(Farrant, 1997):
m = (n .E ;(x i. y;)) - (EiX;. E;y;) Equation B9
((n.E jX 2) - (S i* )2)
c = (EjX2 . Eiy;) - (EiX i. E ;(x j. y;)) Equation BIO
((n.ZiXi2) - (EiXi)2)
Unknown analyte concentrations (x) can then be found by fitting measured instrument 
responses (y) into a re-arrangement of Equation B8 ( x = (y-c)/m).
B4 Lilliefors’ Test for Normality
For a number of statistical tests (such as outlier tests, the F-test, and t-tests) it is 
necessary to ensure that the data which one is testing comes from a Normal
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(Gaussian) distribution. Descriptive statistics give a good indication of the Normality 
of a distribution, but do not quantify the Normality (or otherwise) of a data set. 
Lilliefors’ Test can be used to determine whether the deviation of a distribution from 
Normality is significant (this is a modification of the Kolmogorov-Smirnoff test for 
goodness of fit, Miller and Miller, 1993).
Lilliefors’ Test converts data values into the standard form (z values) and these are 
then compared with theoretical z values. Theoretical z values are Normally 
distributed, so deviations from normality can be found by calculating the difference 
between the theoretical and experimental z values. The maximum difference found is 
then compared to a critical value. The null hypothesis is that experimental data come 
from a Normal population. This is rejected if the critical value is exceeded (Dallal and 
Wilkinson, 1986; Gibbons, 1992).
Lilliefors’ Test can be performed by setting up the following table:
x z s„(x) <b(z) |Sn(x)-<D(z)| |(Sn(x ) - (1 /n )) - d>(z)|
X]
X2
X„
where z = (xi - x) / s (this converts the values into the standard form)
Sn(x) = n;.(l/n)
O(z) is the Normalised value of z 
The maximum value from |Sn(x) - <D(z)| and |(S„(x) - (1/n)) - ®(z)| is then compared 
with a critical value (Dallal and Wilkinson, 1986; Gibbons, 1992).
B5 Outliers
An outlier is a value (or several values) that appears to differ unreasonably from the 
other values in a set of data. The mean and standard deviation of a data set can be
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greatly affected by such values, resulting in a distorted view of the data. A decision 
therefore needs to be made as to whether to include the abnormal data value, or 
whether to reject it as an outlier. This can be assessed statistically (Miller and Miller, 
1993; Barnet and Lewis, 1994; Farrant, 1997).
Dixon Test
The Dixon test looks for a single high or a single low outlier. The test statistic 
depends upon the value of n (Farrant, 1997):
For n = 3 to 7,
Dlowest (x2 - X i) 
(x„ - X i)
or Dhighest (X„ -  Xn-i)
(Xn - X i)
Equation B ll
For n = 8 to 12,
Dlowest (x2 - X i) 
(x„-l - X i)
or D highest (Xn ~ Xn-i) 
(Xn - X2)
Equation B12
For n = 13 to 40,
D lowest (x3 - X i) 
(x„-2 - X 0
or D highest (xn - Xn.2) 
(x„ - x3)
Equation B13
Calculated D values are compared with critical D values for the appropriate n value. 
Any outlying value indicated by the tests is rejected as a statistical outlier and the tests 
are repeated without the rejected value (Farrant, 1997).
Grubbs Tests
The Grubbs tests consist of three similar tests for predicting outliers in a Normally 
distributed set of data. The first (G’) looks for a single high or a single low outlier, the 
second (G” ) looks for the presence of one high and one low outlier and the third 
(G’” ) looks for two high or two low outliers. Calculated G values are compared with
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critical G values. Any outlying value indicated by the tests is rejected as a statistical 
outlier and the tests are repeated without the rejected value (Grubbs, 1950; Farrant, 
1997).
G’iowest  = (x - X i) or G ’ highest = (xn - x) Equation B14
s s
G” = (xn - xi) Equation BIS
s
G lowpaii — 1- ( (n-3) . s excluding 2 lowest
(n-l) ■ s2)
G higlipair = 1- ( (n-3) • S excluding 2 highest
(n-l) • s2)
B6 F-Test
The F-test is used to compare the random errors of two sets of data. F is calculated 
from the ratio of the two sample variances (Equation B17) and compared with a 
certain critical value. Critical values are taken from statistical tables, depending upon 
the number of degrees of freedom for each data set (degrees of freedom = n-l). The 
F-test can be one-tailed (i.e. testing whether one method is more precise than a 
second method) or two-tailed (i.e. testing whether the precision of two methods differ 
from one another). A null hypothesis is adopted that there is no difference between 
the two sample variances. This is rejected if the calculated value of F exceeds the 
critical value (Miller and Miller, 1993; Farrant, 1997).
F = sa2 / Sb2 Equation B17
where sa2 is the larger of the two variances in order to ensure that 1 < F.
or
Equation B16
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Student t-tests are used to compare the means of two samples. Different t-tests are 
used according to the data sets to be tested. For the comparison of two independent 
data sets, two different t-tests are available. The choice of test is dependant upon 
whether the variances for the two data sets are found to be equal or not using an F- 
test (Miller and Miller, 1993; Farrant, 1997). The null hypothesis is adopted that 
the two sets of data do not have means which differ significantly from zero. The 
calculated t value is compared with a critical t value at the desired confidence level 
(95% for this study) that corresponds to the number of degrees of freedom (ni + n2 - 
2 for samples shown to have equal variances). The null hypothesis is rejected if the 
calculated value of t exceeds the critical value.
A further type of t-test, called a paired t-test, can be used to compare matched sets of 
data, for example if the same samples were measured using two different techniques. 
The paired t-test compares the differences between the pairs of data (Equation B20). 
A Student t-test can also be used to test the significance of a correlation co-efficient 
(Section B2), using Equation B21 (Farrant, 1997).
Comparison of two independent means with equal variances:
t = (Xi- x2) Equation B18
V ((1/ni + l/n2) . (si2(ni-l) + s22(n2-l)/ (ni + n2 - 2)))
Comparison of two independent means with unequal variances:
t = (Xi - x2) Equation B19
V ((si2/ni) + (s22/n2))
B7 Student t-Tests
Paired t-test (comparison between matched sets o f data):
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Student t-test for testing the significance of a correlation co-efficient:
t = rV (n - 2) / (1-r2) Equation B21
t -  XdV(n/  sa) Equation B20
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